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As emulsões água em óleo em água (A1/O/A2) são sistemas multicomponentes 
estabilizados por dois tipos de emulsificantes: um solúvel em água e outro solúvel em 
óleo. Emulsões duplas podem ser usadas como substitutos de gordura e transportadoras 
de compostos bioativos, no entanto, sua estabilidade cinética ainda é um desafio. Nesse 
sentido, a estabilidade da emulsão simples é uma relevante etapa para o 
desenvolvimento da dupla emulsão. Diante disso, foram realizados estudos utilizando 
diferentes fases aquosas internas (A1) para garantir a melhoria da estabilidade cinética, 
com o objetivo de produzir emulsões estáveis A1/O/A2. O óleo de girassol foi utilizado 
como fase lipídica e soluções aquosas de ácido gálico (GA) a 0,5% (m/m), NaCl (0,2% 
m/m) ou GA/NaCl (0.5%/0.2% m/m) como fases aquosas internas. Foi utilizado o PGPR 
(1,5; 3,0 e 4,5% m/m) como estabilizante das emulsões A1/O. Para a produção de 
emulsões A1/O/A2, 4,5% (m/m) de PGPR (condição mais estável) foi usado para 
estabilizar as emulsões A/O, enquanto Tween 80-T80 (3% m/m), caseinato de sódio-SC 
(8% m/m) ou isolado proteico de soro-WPI (10% m/m) foram os emulsificantes usados 
para estabilizar a fase externa das emulsões duplas. A proporção entre A1: O e para A1/O: 
A2 foi mantida em 1: 3 e 3: 1, respectivamente. As emulsões A1/O e A1/O/A2 foram 
homogeneizadas usando um sistema rotor-estator a 14.600 rpm por 7 min e a 10.800 
rpm por 2 min, respectivamente. A adição de GA e o aumento da concentração de PGPR 
promoveram uma diminuição do tamanho das gotículas e um aumento da viscosidade 
das emulsões simples. O GA pode atuar como um co-surfactante e co-solvente, levando 
ao aumento da solubilidade entre as fases ou à penetração no filme interfacial, 
facilitando a formação de gotículas menores. A incorporação de NaCl em sistemas 
emulsificados também diminuiu o tamanho das gotículas e melhorou a estabilidade 
cinética das emulsões. O NaCl pode diminuir as forças atrativas (pelas interações de van 
der Waals) entre as gotas de água, reduzindo a frequência de colisão entre elas. Esse 
comportamento diminui a coalescência das gotículas durante a homogeneização, 
evitando processos de desestabilização durante o armazenamento. Foi observada uma 
boa estabilidade nos sistemas GA/NaCl das emulsões simples, sugerindo uma possível 
interação favorável entre eles. As emulsões duplas com WPI apresentaram os maiores 
tamanhos de gotículas. As emulsões duplas com CS ou T80 apresentaram tamanhos 
menores de gotículas, mas os sistemas CS foram mais uniformes e apresentaram 
gotículas com menores diâmetros. A viscosidade das emulsões duplas foi influenciada 
tanto pelo tipo de emulsificante quanto pela composição da A1. Os sistemas NaCl e 
GA/NaCl apresentaram maiores valores de viscosidade, independentemente do tipo de 
emulsificante. As emulsões NaCl e GA/NaCl estabilizadas com CS mostraram 
comportamento de fluido do tipo Herschel-Bulkley com tensão de escoamento em torno 
de 15 Pa.s. Consequentemente, devido ao menor tamanho das gotículas e maior 
viscosidade, a emulsão dupla CS-NaCl apresentou o menor valor do Índice de 
Estabilidade Turbiscan- TSI e, portanto, a maior estabilidade por 7 dias de 
armazenamento. Portanto, além de produzir emulsões duplas mais estáveis, o caseinato 
de sódio contribui para agregar valor nutricional à matriz alimentar. 
 







Water-in-oil-in-water (W1/O/W2) emulsions are multicomponent systems stabilized by 
two types of emulsifiers: a water-soluble and another oil-soluble. Double emulsions can 
be used as fat replacers and carriers of bioactive compounds, however, their kinetic 
stability is still a challenge. In this sense, the stability of the simple emulsion is an 
important step in the development of the double emulsion. Therefore, studies were 
carried out using different internal aqueous phases to guarantee the improvement of 
kinetic stability, with the objective of producing stable W1/O/W2 emulsions. Sunflower 
oil was used as a lipid phase and aqueous solutions of 0.5% Gallic Acid (GA), 0.2% NaCl 
or 0.5% GA/0.2% (w/w) NaCl as inner aqueous phases. For the production of W/O/W 
emulsions 4.5% PGPR (most stable condition) was used to stabilize the W/O emulsions 
while Tween 80-T80 (3% w/w), sodium caseinate-SC (8% w/w) or whey protein isolate-
WPI (10% w/w) were the emulsifiers used to stabilize the external phase of the double 
emulsions. The ratio among W1: O and W1/ O: W2 was maintained at 1: 3 and 3: 1, 
respectively. W1/O and W1/O/W2 emulsions were homogenized using a rotor-stator 
system at 14,600 rpm for 7 min and at 10,800 rpm for 2 min, respectively. The addition 
of GA and the increase of PGPR concentration promoted a decrease of droplet size and 
an increase of viscosity of the simple emulsions. GA can act as a cosurfactant and 
cosolvent leading to increased solubility between phases or penetration in the 
interfacial film facilitating the formation of smaller droplets. The incorporation of NaCl 
in emulsified systems also decreased the droplet size and improved the kinetic stability 
of the emulsions. NaCl can decrease the attractive forces (by van der Waals interactions) 
between water droplets, reducing the collision frequency between them. Such behavior 
decreases droplets’ coalescence during the homogenization, avoiding destabilization 
processes during storage. Good stability was observed in GA/NaCl systems of simple 
emulsions, suggesting a possible favorable interaction between them. WPI-double 
emulsions presented the largest droplet sizes. The SC- and T80-double emulsions 
presented smaller droplet sizes, but the SC-systems were more uniform and presented 
droplets with the smallest diameters. The viscosity of the double emulsions was 
influenced by both emulsifier type and composition of W1. NaCl- and GA/NaCl-systems 
showed higher viscosity values regardless the emulsifier type. The NaCl- and GA/NaCl-
emulsions stabilized with SC showed behavior of Herschel-Bulkley fluid with yield stress 
around 15 Pa.s. Consequently, due to the smaller droplet size and higher viscosity, the 
SC-NaCl double emulsion presented the lowest Turbiscan Stability Index -TSI value and, 
therefore, the highest stability for 7 days of storage. Therefore, in addition to producing 
more stable double emulsions, sodium caseinate contributed to the addition of 
nutritional value to the food matrix. 
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1. INTRODUÇÃO GERAL 
A indústria de alimentos tem investido no desenvolvimento de novos 
produtos funcionais que ofereçam além do valor nutricional, benefícios à saúde e bem 
estar, uma vez que os consumidores estão cada vez mais conscientes da relação entre 
qualidade da dieta e promoção da saúde. Entre os compostos com propriedades 
funcionais, um grande destaque tem sido dado aos compostos fenólicos. O consumo 
destes compostos é associado à proteção do organismo humano contra o estresse 
oxidativo associado à redução da incidência de algumas doenças degenerativas, como 
câncer (SCALBERT & WILLIAMSON, 2000). Entretanto, a sua utilização apresenta 
algumas limitações como: baixa biodisponibilidade, sensibilidade frente a algumas 
condições de pH, calor, presença de oxigênio e luz.  Por isso, a utilização de emulsões 
como carreadores destes compostos são uma alternativa para contornar estas 
limitações. 
Emulsões são dispersões que apresentam regiões polares e não polares e, 
portanto, podem ser usadas como sistemas de proteção com alto potencial de 
encapsulação de compostos bioativos (LIAN et al., 2004; MALONE & APPELQVIST, 2003). 
No entanto, as emulsões são caracterizadas por sua instabilidade termodinâmica, sendo 
necessário o uso de forças mecânicas intensas, adição de emulsificantes e/ou utilização 
de eletrólitos para aumentar a estabilidade cinética destes sistemas. As emulsões 
convencionais ou simples podem ser do tipo óleo em água O/A ou água em óleo A/O. 
Estes sistemas também podem ter mais de duas fases e neste caso são denominadas 
múltiplas ou duplas, sendo os sistemas mais comuns do tipo água em óleo em água 
(A/O/A) ou óleo em água em óleo (O/A/O).  
As emulsões duplas do tipo A/O/A consistem em uma emulsão simples A/O 
dispersa em uma fase aquosa secundária. Tais sistemas têm sido utilizados como micro 
e nano-carreadores dos mais variados compostos ativos, tais como: corantes, 
probióticos, antioxidantes, vitaminas entre outros (BOUYER et al., 2012; LAM & 
NICKERSON, 2013).  As emulsões múltiplas são interessantes como sistemas de entrega 
com algumas vantagens em relação à emulsão simples. Para muitos compostos, um 
carreador baseado em emulsão simples não oferece as propriedades desejadas em 
termos de solubilização, proteção contra degradação química ou liberação controlada 
de compostos nutricionais. Além disso, o sistema A/O/A tem sido estudado como 
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substituto de gordura e pode ser usado também para a encapsulação de um bioativo na 
fase aquosa interna que precisa permanecer segregado da fase aquosa externa 
(MCCLEMENTS, DECKER & WEISS, 2007; SILVA et al., 2018).  
Uma das principais desvantagens das emulsões duplas A/O/A é a sua baixa 
estabilidade, devido ao excesso de energia livre associada à superfície das gotas das 
emulsões primária e secundária. A estabilidade da emulsão primária A/O deve ser 
garantida para obtenção de uma emulsão dupla A/O/A estável. A estabilidade das 
emulsões depende do tamanho das gotas, das quantidades de fase dispersa e contínua 
e da afinidade dos emulsificantes para ambas as fases. Devido à dificuldade de 
estabilização, a maior parte das emulsões duplas são estabilizadas por emulsificantes 
semi-sintéticos (KHEYNOOR et al., 2018; MATOS et al., 2018). A utilização de 
emulsificantes naturais ainda é um desafio na produção de sistemas duplos. Para 
contornar a desvantagem sobre a instabilidade termodinâmica dos sistemas 
emulsionados, muitos estudos têm sido realizados utilizando eletrólitos, equilibrando a 
diferença de pressão osmótica (LIANG & TANG et al.,2013).  
Diante do exposto acima, este projeto propõe o desenvolvimento de 
emulsões simples A/O e duplas do tipo A/O/A para carreamento do composto fenólico 
ácido gálico. Para tal foi avaliada a influência da adição do bioativo na fase aquosa 
interna e da concentração do surfactante lipofílico (PGPR) nas características físico-
químicas das emulsões A/O e o seu comportamento durante a estocagem. Além disso, 
foi avaliada a utilização de emulsificantes naturais (caseinato de sódio e isolado proteico 
de soro do leite) na produção de sistemas duplos e sua influência nas características 
físico-químicas das emulsões A/O/A. 
 
2.OBJETIVOS 
2.1 Objetivo geral 
Desenvolvimento de emulsões duplas A/O/A estáveis para veiculação de 
ácido gálico.  
  
2.2 Objetivos específicos 
Produção e caracterização de emulsões A/O com diferentes fases aquosas 
(água, cloreto de sódio- NaCl, ácido gálico- AG e cloreto de sódio mais ácido 
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gálico- NaCl+ AG) estabilizadas com diferentes concentrações de PGPR. Com 
o objetivo de verificar se a composição da fase aquosa foi capaz de alterar 
as características do sistema emulsionado. 
 
Desenvolvimento de emulsões múltiplas do tipo A/O/A, a partir do sistema 
A/O desenvolvido na primeira etapa deste projeto, estabilizadas por 
distintos emulsificantes (caseinato de sódio, isolado proteico de soro de 
leite-WPI ou Tween 80). Com o intuito de avaliar como os diferentes 
emulsificantes usados na estabilização da emulsão dupla afetaram a 
estabilidade do composto bioativo. 
 
3. ORGANIZAÇÃO DA DISSERTAÇÃO EM CAPÍTULOS 
Este trabalho foi organizado em capítulos, como descrito a seguir: 
 
Capítulo 1: Introdução geral e objetivos 
 
Capítulo 2: Revisão bibliográfica 
Neste capítulo foram abordados, de acordo com a literatura clássica e 
recente, os temas relacionados ao desenvolvimento do projeto. Aspectos teóricos 
relacionados à formação da emulsão simples e dupla, as vantagens da aplicação do ácido 
gálico na matriz e como a utilização dos eletrólitos pode melhorar as propriedades das 
emulsões foram detalhados para contribuir com a discussão dos capítulos posteriores. 
 
Capítulo 3: TAILORING W/O EMULSIONS FOR THE APPLICATION AS INNER 
PHASE IN W/O/W EMULSIONS: EFFECT OF THE AQUEOUS PHASE COMPOSITION 
 
Neste capítulo foi realizado um estudo utilizando diferentes concentrações 
de PGPR e composição de fase aquosa interna, com o intuito de produzir emulsões 
simples do tipo água-em-óleo (A/O) estáveis para posterior aplicação em emulsões 
duplas. Essas emulsões foram caracterizadas quanto à distribuição de tamanho de gotas, 
, microscopia, reologia em cisalhamento e estabilidade cinética. As propriedades da 
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interface, como tensão interfacial e reologia interfacial, também foram avaliadas para a 
melhor compreensão do efeito dos diferentes componentes da emulsão sobre suas 
propriedades. 
 
Capítulo 4:  WHAT IS THE INFLUENCE OF HIDROFILIC EMULSIFIERS ON 
W/O/W EMULSIONS? 
 Neste capítulo foi realizado um estudo utilizando diferentes emulsificantes 
hidrofílicos (Tween 80, caseinato de sódio e isolado proteico do soro do leite (WPI)), 
com o objetivo de verificar como esses emulsificantes naturais e sintéticos afetaram na 
formação, propriedades físico-químicas e estabilidade das emulsões duplas. 
 
Capítulo 5: Discussão geral 
Neste capítulo foi realizado uma discussão dos resultados mais importante 
encontrados nos dois artigos desenvolvidos. 
Capítulo 6: Conclusão geral 
Neste capítulo foi realizada a conclusão geral do trabalho desenvolvido. 
Capítulo 7: Referências 
Neste capítulo é apresentado todas as referências utilizadas no 
desenvolvimento desta dissertação. 
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1. REVISÃO BIBLIOGRÁFICA 
1.1. Emulsões  
As emulsões convencionais são matrizes compostas por dois líquidos 
imiscíveis (geralmente óleo e água), nas quais um dos líquidos é disperso no outro na 
forma de pequenas gotas (FRIBERG et al., 2003; MCCLEMENTS, 2005a; DICKINSON, 
1992, DICKINSON & STAINSBY, 1982). O líquido que compõe as gotas é denominado de 
fase dispersa, enquanto aquele que compõe o meio circundante às gotas é nomeado de 
fase contínua.  
As emulsões podem ser classificadas de acordo com a composição das fases 
contínua e dispersa. O sistema composto por gotas de água dispersas na fase oleosa é 
denominado emulsão água-em-óleo (A/O) sendo a manteiga e a margarina 
representantes desta classe. Já os sistemas que possuem gotas de óleo dispersas na fase 
aquosa, como por exemplo, sopas, leite e maionese, são chamados de emulsões óleo-
em-água (O/A) (MCCLEMENTS, DECKER et al., 2007).  
Os sistemas emulsionados podem apresentar diâmetros de gotas variados, 
em escala de nanômetros a centenas de micrômetros, no entanto, normalmente 
apresentam-se na ordem 0,1 a 100 µm. Tais sistemas, também podem ser classificados 
de acordo com o tamanho de gotas em nanoemulsões (10-100 nm), miniemulsões 
(100- 1000 nm) e macroemulsões (0,5-100 μm) (WINDHAB et al., 2005). A estabilidade 
cinética de uma emulsão é a sua propriedade mais importante, ou seja, o tempo no qual 
a matriz permanece sem mostrar mudanças significativas na distribuição e tamanho das 
gotas, bem como no estado de agregação e arranjo espacial (ADAMSON & GAST, 1987). 
Os sistemas que apresentam menores tamanhos de gotas, menor diferença de 
densidade entre as fases e maior viscosidade da fase contínua geralmente são mais 
estáveis cineticamente (MCCLEMENTS, 2011; SAMAVATI et al., 2011). Todas as 
emulsões apresentam uma tendência natural de diminuição da área de contato 
interfacial, na busca do seu estado de energia mínima, o que ocasiona sua 
desestabilização devido à separação das fases, sendo as emulsões, portanto, 
consideradas sistemas termodinamicamente instáveis. As emulsões podem 
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desestabilizar através de mecanismos físico-químicos como sedimentação, cremeação, 





Figura 1. Esquema dos mecanismos de instabilidade das emulsões. Fonte: MCCLEMENTS 
& RAO (2011). 
 
 Os mecanismos de cremeação e sedimentação são fenômenos de migração 
das gotas enquanto que os de floculação e coalescência são processos de variação do 
tamanho de gota. A cremeação ocorre quando a fase dispersa é menos densa do que a 
fase contínua, enquanto que na sedimentação a densidade das gotas é maior que a do 
meio. Na floculação, as gotas se associam em flocos, mas mantém sua integridade 
individual, já na coalescência ocorre a formação de gotas maiores, devido à fusão de 
duas ou mais gotas. No mecanismo de amadurecimento de Ostwald ocorre o aumento 
no tamanho das gotas pelo transporte de massa através da fase contínua (TAYLOR, 
2003).   
 A aplicação de forças mecânicas e a adição de substâncias químicas 
chamadas emulsificantes e/ou estabilizantes são necessárias para retardar o processo 
de desestabilização em emulsões (MCCLEMENTS, DECKER et al., 2007). Os 
emulsificantes se adsorvem na interface óleo-água formando uma camada protetora em 















com sua massa molecular: surfactantes de baixa massa molecular (monoglicerídeos, 
polissorbatos, lecitina) e compostos macromoleculares (usualmente proteínas, 
principalmente do leite, da soja e do ovo) (DICKINSON, 2003). Os estabilizantes 
promovem alterações nas propriedades da fase contínua, como aumento da viscosidade 
e gelificação, que limitam o movimento das gotas conferindo maior estabilidade às 
emulsões. O sistema emulsificante/estabilizante, mais adequado para uma emulsão, 
depende do tipo e da concentração de outros ingredientes que a compõe e das 
condições ambientais/físico-químicas que o produto experimenta durante a fabricação 
(homogeneização), armazenamento e consumo (GUZEY & MCCLEMENTS, 2006). 
 
1.2. Agentes emulsificantes  
A natureza do emulsificante influencia o processo de ruptura e estabilização 
das gotas, além de influenciar nos atributos funcionais do produto final. Desta forma, o 
processo de seleção do emulsificante para a produção de um sistema visando uma 
aplicação específica é uma das decisões mais importantes na formulação de produtos à 
base de emulsões (KRALOVA & SJOBLOM ,2009). Os emulsificantes hidrofílicos mais 
adequados, e comumente utilizados em emulsões O/A são os polissorbatos (Tweens) e 
os biopolímeros anfifílicos naturais (proteínas e polissacarídeos), tais como: caseína, 
proteínas do soro de leite, isolado proteico de soja e goma arábica. Para a estabilização 
de emulsões A/O, os emulsificantes hidrofóbicos mais empregados são os 
monoglicerídeos, os polissorbatos (Spans), o polirricinoleato de poliglicerol (PGPR) e a 
lecitina (KUHN & CUNHA 2012, PERRECHIL & CUNHA 2013). 
As propriedades emulsificantes das proteínas são resultado da sua 
capacidade de adsorção na interface promovendo a queda da tensão interfacial e a 
formação de um filme que proporciona uma combinação de repulsão eletrostática e 
estérica entre as gotas de óleo (WILDE et al., 2004; MCCLEMENTS, 2005). No entanto, 
as emulsões estabilizadas por proteínas tendem a se agregar, flocular ou coalescer 
quando expostas a certas condições ambientais (alteração de pH, força iônica e 
aquecimento), podendo perder ou diminuir sua capacidade de formar filmes com 
mecanismo de estabilização eletrostática (DIFTIS & KIOSSEOGLOU, 2006; DAY et al., 
2009). Já os surfactantes são rapidamente adsorvidos na superfície das gotas, formando 
uma camada que reduz a tensão interfacial, evitando a agregação das gotas sob 
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diferentes estresses ambientais, tais como pH, força iônica, aquecimento e 
congelamento através de mecanismos de estabilização estérica (CHANAMAI & 
MCCLEMENTS, 2002; GUZEY & MCCLEMENTS, 2006). 
A composição da fase aquosa das emulsões exerce uma grande influência na 
estabilidade cinética dos sistemas emulsionados. Com isso, muitos estudos têm sido 
realizados utilizando sais inorgânicos para desenvolvimento de emulsões. Os sais 
apresentam diversos efeitos sobre as propriedades físico-químicas de surfactantes não 
iônicos, incluindo solubilidade, concentração micelar crítica, temperatura de inversão 
de fase de emulsão (MEI et al., 2011) e estabilidade da emulsão (SABERI et al.,2013). 
 
1.2.1. Emulsificante lipofílico 
Um dos emulsificantes lipofílicos mais utilizado é o polirricinoleato de 
poliglicerol (PGPR), um emulsificante não iônico, muito empregado na indústria de 
alimentos (MCCLEMENTS, 1994). Este surfactante semi- sintético é utilizado na 
estabilização de emulsões água em óleo (A/O) e água em óleo em água (A/O/A) (METTU 
et al., 2018). Possuindo a estrutura química apresentada na Figura 2. 
 
Figura 2. Estrutura química do PGPR. Fonte: (SMITH, WILSON & HEPBURN, 1998). 
Na indústria de alimentos, o PGPR é amplamente utilizado para reduzir a 
viscosidade em produtos a base de chocolate, devido às suas excelentes propriedades 
de ligação à água. O PGPR também é empregado na indústria de processamento de 
petróleo e de produtos cosméticos e farmacêuticos (WEYLAND & HARTEL, 2008). 
 
1.2.2. Emulsificantes hidrofílicos 
As proteínas do leite bovino são bastante usadas como agentes 
emulsificantes e estabilizantes além de possuírem alto valor nutricional (CHEN, 
REMONDETTO & SUBIRADE, 2006). As proteínas do leite são constituídas de duas 
frações distintas: as caseínas (80%) e as proteínas do soro do leite (20%).  
As caseínas são estáveis a altas temperaturas, porém, apresentam baixa 
solubilidade em água na forma isoelétrica (FOX & MCSWEENEY, 1998). Com o objetivo 
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de contornar esta desvantagem tecnológica, a caseína pode ser convertida em caseinato 
de sódio pela adição de ácido até o ponto isoelétrico (pH ~ 4,6), seguida por uma 
lavagem e dissolução em água utilizando-se hidróxido de sódio até atingir a 
neutralidade. O caseinato de sódio é estável ao calor (140 °C durante 15 min, a pH 7) e 
tem sido largamente utilizado na indústria de alimentos devido a sua excelente 
capacidade emulsificante, espessante e gelificante (MELOROSE et al., 2015). Além disso, 
apresenta propriedades interessantes para aplicação tecnológica como elevada 
solubilidade, capacidade de retenção de água e de gordura, estrutura dissociada e 
desdobrada, além de alta hidrofobicidade (CHEFTEL et al, 1996).  
As proteínas do soro de leite também possuem atividade superficial e, 
portanto, são capazes de estabilizar emulsões O/A devido à combinação de interação 
estérica e repulsão eletrostática entre gotas carregadas. As principais frações protéicas 
do soro de leite são as proteínas β-lactoglobulina (60%), α-lactoalbumina (20%), 
albumina bovina sérica (5,5%) e imunoglobulinas (9,1%), sendo os pontos isoelétricos 
nos valores de pH 5,2, 4,2, 4,7 e 5,5-6,8 correspondentes a cada proteína, 
respectivamente (BRYANT & MCCLEMENTS, 1998). O ponto isoelétrico (pI) das proteínas 
do soro é em torno do pH 5,1, próximo ao da β-lactoglobulina, a proteína presente no 
soro em maior proporção (LIVNEY, 2010).  
Portanto, estas proteínas são carregadas positivamente abaixo do ponto 
isoelétrico e carregadas negativamente acima dele, podendo ser utilizadas para montar 
estruturas baseadas em atração eletrostática. No entanto, gotas lipídicas revestidas por 
proteínas do soro de leite são particularmente sensíveis ao pH, força iônica e 
temperatura (ZHANG et al. 2015). A estabilidade destes sistemas é reduzida quando o 
pH se aproxima do pI e/ou a força iônica torna-se elevada (LIVNEY, 2010). Assim, o pH 
pode modificar o comportamento da atividade superficial e as interações 
hidrodinâmicas entre as gotas de óleo em emulsões estabilizadas por estes 
componentes (MCCLEMENTS, 2005). 
Os Tweens são polissorbatos tensoativos não iônicos cuja estabilidade e não 
toxicidade relativa permite que sejam utilizados na produção de emulsões O/A na 
indústria de alimentos, cosmética e farmacêutica (GOMES et al., 2018). Este surfactante 
é um polioxietileno de sorbitano, e distingue-se dos outros membros da classe dos 
polissorbatos pelo comprimento da cadeia de polioxietileno e pelo éster de ácido graxo. 
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A classe dos Tweens é formada por moléculas que possuem 20 grupos oxietileno, mas 
estas apresentam diferença em relação ao tipo de ácido graxo e Balanço hidrofílico-
lipofílico - HLB: Tween 20 (monolaurato, HLB=16,7), Tween 40 (monopalmitato, 
HLB=15,6), Tween 60 (monoestearato, HLB=14,9) e Tween 80 (monooleato, HLB=15). Os 
Tweens se adsorvem rapidamente na interface formando uma camada em torno das 
gotas, devido a sua baixa massa molecular, produzindo emulsões com estabilidade 
prolongada (JAFARI et al. 2008). 
 
1.3. Emulsão Múltiplas 
Os primeiros estudos sobre emulsões múltiplas foram realizados em 1925, 
nos quais tais sistemas foram denominados de “emulsão da emulsão” (SEIFRITZ, 1925). 
No entanto, pesquisas sobre essa classe de emulsão foram intensificadas apenas na 
década de 1980 (GARTI, 1998). 
Emulsões múltiplas são sistemas complexos nos quais dois tipos de 
emulsões existem simultaneamente (A/A, A/O e/ou O/A) formando sistemas mistos do 
tipo óleo-água-óleo (O/A/O), água-óleo-água (A/O/A) ou óleo-água-água (O/A/A) 
(GARTI, 1998; GARTI & BENICHOU, 2004). As emulsões A/O/A são sistemas formados 
por um meio contínuo aquoso que contém gotas de óleo (fase dispersa intermediária), 
envolvendo gotas menores de uma fase interna aquosa denominada de fase dispersa 
interna (DING et al., 2019) (Figura 3). 
 
 
Figura 3. Representação da emulsão do tipo A/O/A. Adaptado de: GARTI & BENICHOU 
(2004). 
 
No preparo da emulsão múltipla A/O/A são utilizados dois emulsificantes: 
um de caráter lipofílico (hidrofóbico) para estabilizar a interface A/O e outro hidrofílico 
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para estabilizar a interface O/A. A produção desta emulsão múltipla é realizada em duas 
etapas distintas, conforme mostrado na Figura 4.  Na primeira etapa, uma emulsão 
primária A/O é produzida sob condições de alto cisalhamento objetivando obter gotas 
de menor diâmetro. Em seguida, a emulsão primária é adicionada a uma nova fase 
contínua aquosa e homogeneizada utilizando menor cisalhamento para evitar a ruptura 
das gotas (GARTI & BISPERINK, 1998; BENICHOU et al., 2004; MUSCHIOLIK, 2007). 
 
Figura 4.  Preparação de uma emulsão dupla A/O/A em dois passos: (a) emulsificação de 
alto cisalhamento com tensoativos lipofílicos para produzir a emulsão A/ O; (b) 
emulsificação de baixo cisalhamento com tensoativos hidrofílicos para a formação da 
emulsão A/O/A. Fonte: (GRAAF, SCHROEN & BOO, 2005). 
 
As emulsões múltiplas apresentam alto potencial de aplicação em diferentes 
ramos da indústria, devido a sua capacidade de carrear simultaneamente dois ativos, 
um na fase interna e outro na intermediária (BENICHOU et al., 2004; MUSCHIOLIK, 2007; 
MCCLEMENTS et al., 2007; DICKINSON, 2011). O ativo presente na fase dispersa mais 
interna pode ser liberado de forma mais lenta devido à presença de duas interfaces, 
enquanto que o presente na fase mais externa pode ser mais facilmente liberado (LUCA 
et al., 1990). Deste modo, em uma mesma formulação podem haver diferentes perfis 
de liberação de distintos ativos. No entanto, poucos trabalhos têm utilizado a 
capacidade das emulsões múltiplas de carrear mais de um agente bioativo. Cabe 
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ressaltar que a maioria destes estudos utilizam surfactantes semi-sintéticos para 
estabilizar as emulsões (Tabela 1).  
 
 
Tabela 1. Características gerais de emulsões múltiplas para encapsulação e proteção 
de compostos ativos. 
Tipo de 
emulsão 
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Liu et al. 2020 
A/O/A Sacarose 
Amido de arroz 
Amido de Milho 
PGPR 
 
Óleo de Girassol 
 







Caseinato de sódio 
PGPR 
 Azeite virgem 
 
 Buyukkestelli 
and El , 2019 
 
1.4. Compostos bioativos  
Os compostos bioativos são substâncias químicas naturais que além do valor 
nutricional fornecem benefícios à saúde e bem estar. Geralmente, os bioativos estão 
presentes em pequenas quantidades nos alimentos e o consumo frequente destes 
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compostos através das frutas e vegetais tem sido associado a um menor risco de 
desenvolvimento de doenças, tais como: acidente vascular cerebral, diabetes, artrite, 
Parkinson, Alzheimer e câncer (CROWE et al., 2011; BIESALSKI et al., 2009; KRIS-
ETHERTON et al., 2002). Tais benefícios tem fomentado o interesse da comunidade 
científica e indústria no desenvolvimento de sistemas carreadores de bioativos como 
carotenóides, fitoesteróis, flavonóides, fosfolipídeos, vitaminas, organosulfurados e os 
polifenóis. Os carreadores devem ser capazes de protege-los durante o armazenamento 
e liberá-los no local alvo durante o processo de digestão (MUNIN & EDWARDS-LÉVY, 
2011; VOS et al., 2010). 
 
1.4.1. Ácido gálico 
 O ácido gálico faz parte da classe dos hidroácidos juntamente com os p-
hidroxibenzóico, ácidos protocatecuico, vanílico e serico (BALASUNDREAM, SUDRAM & 
SAMMAN, 2006). É um ácido orgânico (C4H2(OH)3COOH), denominado de 3, 4, 5-
trihidroxibenzóico. Encontrado nas uvas, folhas de chá, lúpulo e casca de carvalho, 
podendo estar na forma livre e também como monômero base para taninos 
hidrolisáveis (ESCARPA e GONZALEZ, 2001). O ácido gálico possui atividade antioxidante 
(FERK et al., 2011; ZHAN et al., 2020) pode prevenir inúmeras doenças, têm capacidade 
de combater tumores (SENAPATHY, JAYANTHI, VISWANATHAN, UMADEVI & NALINI, 
2011), mostra ação efetiva no tratamento de diabetes e albuminúria (HSIEH et al., 2007), 
pode ser usado como antifúngico e antiviral (UOZAKI et al., 2007). Também mostra 
aplicação como antioxidante (KATSOULI, POLYCHNIATOU & TZIA, 2018) e/ou como 
agente protetor para evitar a desestabilização da formulação devido à peroxidação de 
lipídeos. No entanto, a aplicação terapêutica do ácido gálico é dificultada por sua alta 
capacidade de oxidação (ALVES, MAINARDES & KHALIL, 2016). Também têm sido 
realizados estudos sobre o efeito de compostos fenólicos, como o ácido gálico, sobre as 
propriedades de emulsões. Estes compostos fenólicos apresentam capacidade de atuar 
como co-surfactante e co-solvente, diminuindo o tamanho das gotas, proporcionando 
uma maior estabilidade cinética das emulsões (GOMES et al., 2016). 
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 Aqueous phase composition affected the characteristics of W/O emulsions; 
 Addition of gallic acid and NaCl decreased the tension between sunflower oil – water 
interface;  









Water-in-oil-in-water (W / O/ W) emulsions can provide interesting applications in food 
products such as the reduction of caloric content of primary emulsions and vehiculation 
of bioactive compounds aiming nutritional reinforcement. On the other hand, W / O /W 
emulsions show low stability and a number of strategies have been employed to 
circumvent this limitation, such as the addition of electrolytes providing electrostatic 
repulsion necessary for stabilization of the internal water/oil (W/O) emulsion. Thus 
different compositions of the aqueous phase were evaluated aiming to understand their 
influence on stability of water-oil emulsions, in addition to vary the concentration of 
polyglycerol polyricinoleate (PGPR) that was used as surfactant. Water-in-oil emulsions 
were produced by the dropwise method with 1.5%-4.5% w/w PGPR and aqueous phase 
composed by only water, gallic acid (GA), NaCl or GA/NaCl. Gallic acid was added 
because this water-soluble phenolic compound shows potential benefits to human 
health and could be carried in W/O emulsions. The increase of PGPR concentration as 
well as the addition of GA and NaCl promoted the decrease of the droplet size of the 
emulsions. Microscopy confirmed the formation of smaller droplet size, especially for 
the emulsions containing NaCl or GA/NaCl. Interfacial tension values between aqueous 
and oil phases with NaCl and GA demonstrated that these molecules may act at the 
interface of the emulsion. All W/O emulsions showed low viscosity and Newtonian 
behavior regardless the PGPR concentration and composition of the aqueous phases, 
but the kinetic stability was improved in the presence of NaCl (NaCl or GA+NaCl). 
Therefore, the GA/NaCl system can be used as a promising alternative for producing 



















Emulsions are dispersions composed of at least two immiscible liquids with 
one of the liquids dispersed in the other. Emulsions composed of two phases are called 
simple emulsions as water-in-oil (W/O) or oil-in-water (O/W), while emulsions with 
more than two phases are named multiple emulsions. The most common multiple 
emulsion is composed by three phases and is called double emulsion such as O/W/O or 
W/O/W emulsions. Water-in-oil (W/O) emulsion is an interesting class of simple 
emulsion, although less reported than the oil-in-water (O/W) emulsions in food 
applications [1]. However, the properties of W/O emulsions are critical to water-in-oil-
in-water (W/O/W) double emulsions. The W/O/W systems are efficiently used to 
vehiculate bioactive compounds for nutritional fortification in fat‐based food products 
and to reduce the caloric content of primary O/W emulsions maintaining similar in‐
mouth perceived texture [2,3]. Nevertheless the utilization of double emulsions is still 
limited because they show insufficient stability for application in some products, which 
strongly depends on the stability of the primary (internal phase) W/O emulsion [4]. The 
kinetic stability of liquid W/O emulsions is only promoted by steric hindrance making 
such systems more susceptible to destabilization mechanisms as sedimentation, 
flocculation and coalescence [1,5].  
In order to increase the stability of W/O systems, some emulsifiers such as 
chemical surfactants, solid particles and polymers are commonly added to these 
systems. Such molecules adsorb on the water/oil interface forming a film around the 
droplets and reducing the interfacial tension between the two phases. Polyglycerol 
polyricinoleate (PGPR) is a chemically synthesized emulsifier commonly used to stabilize 
W/O emulsions due to its efficiency in producing systems with good stability [6]. PGPR 
is a hydrophobic emulsifier that efficiently reduces interfacial tension and increases lipid 
phase polarity [3]. However, the stability of W/O emulsions is not only influenced by the 
type and concentration of the emulsifier, but also depends on the characteristics of the 
aqueous and lipid phases and the presence of other compounds in the system [7]. 
Some compounds added to W/O emulsions can change the aqueous phase 
characteristics and, therefore, the interaction of the emulsifier with the water-oil 
interface [8]. A deep anchoring of the emulsifier can promote the formation of a rigid 
interfacial layer and smaller water droplets preventing gravitational separation and 
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droplet aggregation. The addition of electrolyte compounds, such as NaCl, have been 
used to enhance the stability of emulsions since these compounds can add the 
electrostatic repulsion mechanism to the W/O systems [4,9]. Allied to this, these 
compounds have been associated with changes in the characteristics of the emulsifying 
layer, which may contribute to the formation of a more stable interfacial film [10]. 
Although the addition of salts improves the emulsions stability, other alternatives, such 
as organic acids, should be evaluated considering their extensive application in food 
products.  
The presence of organic acids, such as gallic acid (3, 4, 5-trihydroxybenzoic 
acid, GA), in W/O emulsions promote a decrease of the droplet diameter with a 
consequent improvement of the stability [7,11]. In addition, this phenolic compound 
shows valuable biological effects such as antioxidant, anti-inflammatory, anti-apoptotic, 
anti-microbial, anti-tumor, and anti-platelet activities, protection against DNA damage 
and attenuation of oxidative stress [12,13]. The potential benefits of these bioactive 
compounds to the human health has awaked interest of the pharmaceutical, 
nutraceutical and functional food industries [14]. However, the main challenge is to 
ensure that these compounds are fully protected from external degradation factors, 
from production to consumption. In this context, the vehiculation of GA in W/O 
emulsion may be a potential alternative for both preserving the functional properties of 
this phenolic compound and improving emulsion stability. Therefore, we focus on 
studying the effect of NaCl, GA or the GA/NaCl blend on the stability and structure of 
W/O emulsions aiming at future application as an internal phase of W/O/W systems. We 
also carefully evaluated the interaction of these compounds with the PGPR emulsifier 
and the influence of these interactions on the interfacial layer characteristics. 
  
2. Material and Methods 
2.1 Material 
The ingredients used to prepare the emulsions were: gallic acid (GA) 
obtained from Sigma Aldrich Co. (St. Louis, EUA); sodium chloride (NaCl) acquired from 
Furlab (Campinas, Brazil); polyglycerol polyricinoleate (GRINSDTED®PGPR) kindly 
donated by Danisco Brasil Ltda (Cotia, Brazil); and sunflower oil (Bunge Alimentos S.A., 
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Brazil) purchased in a local market. The PGPR is certified as GRAS (Generally Recognized 
As Safe) by FDA (Food and Drug Administration). 
 
2.2 Preparation of the oily and aqueous phases 
The aqueous and lipid phases were prepared using a magnetic stirrer 
overnight at room temperature to ensure full dissolution of compounds. The aqueous 
phase was prepared by dissolving GA (0.5% w/w), NaCl (0.2% w/w) or GA/ NaCl mixture 
(0.5/ 0.2% w/w) in deionized water (Millipore®). The lipid phase was obtained by 
solubilization of PGPR (1.5 - 4.5% w/w) in sunflower oil.  
 
2.3 Characterization of the oily and aqueous phases 
2.3.1 Dynamic interfacial tension  
The interfacial tension between aqueous and oily phases was evaluated at 
25 °C using a tensiometer Tracker-S (Teclis, France) by the pendant droplet method. 
Such analyses aimed to evaluate the effect of the PGPR concentration (1.5, 3.0 or 4.5% 
w/w) and addition of GA (0.5% w/w), NaCl (0.2% w/w) or GA/NaCl (0.5/0.2% w/w) 
mixture on the interfacial tension. In addition, systems composed of sunflower oil 
(without emulsifier) and water or aqueous solutions of GA, NaCl or GA/NaCl mixture 
were analyzed in order to verify the isolated effect of GA, NaCl or GA/NaCl mixture on 
the oil/water interface. Measurements were performed in triplicate. 
 
2.3.2 Interfacial dilational rheology 
Dilational dynamic experiments were performed using a tensiometer 
Tracker-S (Teclis, France) at 25 °C by subjecting the droplet interface to very low 
sinusoidal compression and expansion of the surface area 𝐴 in order to ensure 
measurements within the linear viscoelastic domain. The linear viscoelastic region was 
previously determined by amplitude sweep tests, with deformation varying between 6 
to 10% at a fixed frequency of 0.1 Hz. Firstly, a droplet of oil was generated, and the 
interfacial tension was measured for 30 min. After that, five sinusoidal oscillation cycles 
were performed followed by a time corresponding to 180 cycles without any oscillation 
up to 3.5 h. Dilational rheology analyses aimed to evaluate the effect of addition of GA 
(0.5% w/w), NaCl (0.2% w/w) or GA/NaCl (0.5/0.2% w/w) mixture on the complex 
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modulus of the systems with 4.5% PGPR (w/w). The measurement of the complex 
dilational modulus 𝐸∗ (Eq. 1) is a result of the dilational change of interfacial tension γ 
(dilational stress) (Eq. 2) as a consequence of small changes in interfacial area (dilational 
strain) (Eq. 3) [15]. The complex modulus (𝐸∗) has two components: the real component 
is the elastic dilational modulus (storage modulus, 𝐸′ = |𝐸∗|𝑐𝑜𝑠𝛿 ) and the imaginary 




=  𝐸′ + 𝑖𝐸" (1) 
𝛾 =  𝛾0̅ + ∆𝛾 sin(𝑤𝑡 + 𝛿) (2) 
𝐴 = 𝐴0̅̅ ̅ + ∆𝐴 sin( 𝑤𝑡) (3) 
where ω is the angular frequency (Hz), the parameters 𝛾0 and 𝐴0 are the equilibrium 
reference of the interfacial tension (N/m) and the undisturbed interfacial area (m2) of 
the drop, respectively; Δγ and ΔA are the measured changes in tension and strain 
amplitude respectively, and δ is the phase angle between tension and strain.  
 
2.4 Preparation of water-in-oil (W/O) emulsions 
The water-in-oil (W/O) emulsions were produced by the dropwise method, 
in which the aqueous phase was dripped into the lipid phase at a flow rate of 4.5 mL/min 
supported by a digital pump (Masterflex L/S Cole-Parmer Instrument Company, USA) 
while the system was homogenized by a rotor-stator system Ultra Turrax model T18 
(IKA, Staufen, Germany) at 14,600 rpm. After the complete incorporation of the aqueous 
phase into the emulsion (after about 7 min), the system was homogenized for additional 
four minutes. Emulsions (W/O) were prepared by adding 30% (w/w) of the aqueous 
phase to 70% (w/w) lipid phase and the PGPR concentration at the final emulsion was 
equal to 1.5, 3.0 or 4.5% (w/w). Emulsions were prepared in three replicates and they 
were evaluated by means of droplet size distribution, kinetic stability (backscattering), 




2.5. Characterization of emulsions 
2.5.1 Droplet size distribution  
The droplet size distribution was determined by the laser diffraction method 
using a Mastersizer 2000 (Malvern Instruments Ltd., Malvern, UK). Firstly, W/O 
emulsions were dispersed in sunflower oil (refractive index 1.4694) and ultrasound was 
applied for 5 min to avoid the presence of bubbles. Measurements were performed in 
fresh emulsions using rotational velocity at 2300 rpm.  
 
2.5.2 Kinetic stability - laser scanning turbidimetry 
The kinetic stability of emulsions was monitored with the optical scanning 
instrument Turbiscan ASG (Formulaction, France). Immediately after preparation, the 
emulsions were placed in flat-bottomed cylindrical glass tubes (140mm height, 16mm 
diameter) and the first measurement of backscattered light intensity was performed (0 
day). The tubes were stored at 25 ° C and subsequent measurements were taken on day 
2, 7 and 14. All the measurements were performed at the wavelength 880 nm. The 
backscattering profiles (BS) at different sample height (mm) were used to analyze the 
destabilization of emulsions. A sample height of 0 mm corresponds to the bottom of the 
measuring cell. The Turbiscan Stability Index (TSI), calculated as the sum of all 
destabilization processes that occur along the measuring cell, was quantified according 
to Eq. 4. 
𝑇𝑆𝐼 = ∑|𝑠𝑐𝑎𝑛𝑟𝑒𝑓
𝑗
(ℎ𝑗) − 𝑠𝑐𝑎𝑛𝑖(ℎ𝑖)| (4) 
Where 𝑠𝑐𝑎𝑛𝑟𝑒𝑓 and 𝑠𝑐𝑎𝑛𝑖  are the initial backscattering value and the backscattering 
value after 2, 7 and 14 days of storage, respectively, ℎ𝑗  is the given height in the 
measuring cell and 𝑇𝑆𝐼 is the sum of all the scan differences from the bottom to the top 
of the tube. 
 
2.5.3 Optical microscopy 
The microstructure of emulsions was observed in an optical microscope 
(Axio Scope.A1, Carl Zeiss, Germany) with 100× oil immersion objective lens. The images 
were captured with the software AxioVision Rel. 4.8 (Carl Zeiss, Germany). The optical 
microscopy was performed in the fresh emulsions. 
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2.5.4 Rheological behavior 
Rheological measurements of emulsions were carried out using a stress-
controlled rheometer (AR1500ex, TA Instruments, England) with stainless steel cone-
plate geometry (diameter= 40 mm; cone truncation= 47 m). The shear rate varied 
between 0 and 300 s-1 and the flow curves were obtained in sequential three flow steps: 
up-down-up cycles. The third flow curve data were fitted to the Newtonian fluid model 
(Eq. 5). The emulsions were evaluated just after their preparation in triplicate at 25 °C. 
𝜎 = ƞ?̇? (5) 
where 𝜎 is the shear stress (Pa), ƞ is the viscosity (Pa s) and  ?̇? is the shear rate (s-1). 
 
2.6 Statistical analysis 
Analysis of variance (ANOVA) was performed using the Statistics 7 software 
and the significant differences (p < 0.05) between the treatments were evaluated from 
Tukey analysis. 
 
3. Results and discussion 
3.1 Interfacial Tension 
Analyses of interfacial tension were performed to better understand the 
effects of the emulsifier concentration (PGPR) and aqueous phase composition on the 
water-oil interface features. Figure 1a shows the interfacial tension curves of the 
systems sunflower oil – aqueous phases (water, GA, NaCl or GA/NaCl) in the absence of 
PGPR. Water and GA/NaCl systems exhibited the highest initial interfacial tension 
compared to the other aqueous phases, around 26- 27 mN/m. The interfacial tension 
decreased slowly until reach the equilibrium tension of 21.43 mN/m to water-system 
and 22.81 mN/m to GA/NaCl-system. The salt dehydrates the hydrophilic group of GA 
from the osmotic effect associated with a preferential exclusion of ions, altering the 
curvature of the interface and causing the packaging of the gallic acid. Thus a behavior 
similar to water is observed, as there are no groups available to bind to oil and act as a 
co-surfactant [16]. On the other hand, the addition of 0.5% (w/w) GA or 0.2% (w/w) NaCl 
promoted a significant decrease of the initial interfacial tension indicating that these 
molecules may act at the interface. The initial interfacial tension was approximately 17 
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mN/m for both GA- and NaCl-systems and decreased rapidly reaching equilibrium values 




































 Time (min) Time (min) 
Fig. 1. Dynamic interfacial tension of the systems composed of sunflower oil without (A) 
or with 1.5 (B); 3.0 (C) or 4.5% (D) (w/w) PGPR and different aqueous phases: (■) Water; 
(▲) 0.5% (w/w) GA; () 0.2% (w/w) NaCl) or () 0.5% (w/w) GA/0.2% (w/w) NaCl. 
 
Gallic acid, an organic acid, is capable of adsorbing at the water-oil interface 
because it is composed of an aromatic ring (hydrophobic) attached to a carboxylic group 
and three hydroxyl groups (hydrophilic). At the interface, GA can fill the gap between 
PGPR molecules acting as a co-surfactant [7]. In addition, GA can decrease the polarity 
of the aqueous phase, allowing for greater solubility between the aqueous and lipid 
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aqueous phase promotes the depletion of the hydration layer around the polar groups 
of the emulsifiers, which would increase PGPR lipophilicity (a hydrophobic emulsifier) 
and at least partly explain the reduction of interfacial tension in NaCl-added systems. 
Moreover the addition of NaCl decreases the polarity of the aqueous medium, also 
contributing to the decrease of the interfacial tension [17,18].  
The addition of PGPR in the lipid phase altered the behavior of interfacial 
tension curves, which were very similar for the same PGPR concentration. These results 
show that the interface was strongly affected by PGPR, although the interfacial tension 
curves showed some differences indicating that the composition of the aqueous phase 
also changed the water-oil interface. Increasing emulsifier concentration resulted in a 
decrease of the initial interfacial tension, except for GA- and GA/NaCl systems with 4.5% 
(w/w) PGPR. This behavior may indicate that the GA- and GA/NaCl interfaces with 4.5% 
(w/w) PGPR were saturated and therefore there was dispersion of part of the PGPR 
molecules into the continuous phase [17]. When the concentration of molecules with 
surface activity is high enough to cover the interface, the emulsifier molecules in the 
continuous phase can spontaneously form micelles and vesicles due to their 
hydrophobicity. Interestingly, this effect was observed only in systems with presence of 
GA. GA tends to displace towards the interfacial region with increasing PGPR 
concentration [19]. Once on the interface, GA competes with PGPR for the interface, 
slightly increasing the initial interfacial tension of the GA-systems with 4.5% (w/w) PGPR. 
Such results also suggest that more PGPR was necessary to saturate the interfacial layer 
around the droplet composed of water or 0.2% (w/w) NaCl aqueous solution. 
The initial interfacial tension of NaCl-systems reduced as PGPR 
concentration increased reaching a lower initial tension (around 5mN/m) and rapidly 
the equilibrium tension (around 3mN/m) at 4.5% (w/w) PGPR compared to other 
systems. Such results indicate that PGPR adsorption kinetics seems to be favored in the 
presence of NaCl, justifying the application of this salt in the production of W/O 
emulsions [2]. The presence of NaCl in the aqueous phase can increase the hydrophobic 
cohesion of the emulsifier molecules adsorbed onto the water-oil interface by means of 
combined interactions such as: polar head of PGPR-water, polar head of PGPR-ions and 
ions–water interaction [17]. Such behavior can permit the formation of an interfacial 
film with increased PGPR adsorption density and making the continuous phase more 
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hydrophobic explaining the steeply decrease of the interfacial tension, leading to the 
need for more PGPR to saturate the interface. 
 
3.2 Interfacial dilational rheology 
Interfacial tension reflects the interfacial properties of the emulsifier and the 
effect of the other surface activity molecules added at the interface. In addition, 
decreasing interfacial tension values may also indicate increased adsorption of 
emulsifying molecules in the interfacial layer [20]. In this sense, interfacial dilational 
rheological measurements may provide additional information about the interface layer 
characteristics promoted by the interaction between emulsions components. Therefore 
the dynamic dilational modulus was also used to further investigate the interactions 
between PGPR and GA, NaCl or GA/NaCl on the interfacial layer. The interfacial 
rheological measurements were performed for systems composed with sunflower oil, 
4.5% (w/w) PGPR and different aqueous phases (water, GA, NaCl or GA/NaCl blend), 
since the systems with the highest PGPR content showed greater differences in the 


























 Time (h) 
Fig. 2 Complex dilational modulus (E*) for sunflower oil systems added with 4.5% PGPR 
and different aqueous phases: (■) Water; (▲) 0.5% (w/w) GA; () 0.2% (w/w) NaCl or 
() 0.5% (w/w) GA+ 0.2% (w/w) NaCl. 
 
Water-system showed a slight increase of viscoelastic complex modulus 
reaching values around 3 mN/m (Fig. 2). The increase of the complex modulus can be 
associated with the gradual increase of the adsorption of PGPR molecules at the water-
oil interface [20]. The NaCl-system presented similar complex modulus values over the 
measurement period, but a slight decrease was observed in the GA systems. 
Interestingly, only systems with GA presented a decrease of complex modulus indicating 
that these molecules were able to make the interface less viscoelastic. However, it 
should be noted that the changes in complex modulus values promoted by GA and NaCl 
were subtle indicating that the interface characteristics were most impacted by the 
PGPR interfacial layer. Regarding to elastic and viscous modulus shown in Fig. 3, low and 
similar values were observed in all samples, also indicating that the interface features 










































 Time (h) 
Fig. 3. Elastic (E') and viscous (E") dilational moduli of the systems composed of 
sunflower oil added with 4.5% PGPR and different aqueous phases: (■) Water; (▲) 0.5% 
(w/w) GA; () 0.2% (w/w) NaCl or () 0.5% (w/w) GA+ 0.2% (w/w) NaCl. 
  
3.3. Particle size distribution and microstructure 
The microscopic images of the emulsions just after the homogenization 
process are presented in Fig. 4, which show the relatively small water droplets evenly 
distributed throughout the emulsions. The production of W/O emulsions using rotor-
stator device and dropwise process allowed the slow formation of the water-oil 
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concentration and addition of GA, NaCl or GA/NaCl blend on the droplet size distribution 
curves can be observed in Fig. 5. In general, the curves shifted to smaller droplet sizes 
with increasing the PGPR concentration. At higher concentrations, more PGPR 
molecules near the interface are available, promoting a faster adsorption process. In 
addition, PGPR shows good capacity to emulsify W/O systems due to its interaction with 
both aqueous and lipid phases. The hydrophobic parts of PGPR can bind to fatty acids of 
sunflower oil from Van der Waals intermolecular forces while its hydrophilic head has 
the ability to form hydrogen bonds with water molecules. In addition, the polyglycerol 
head of PGPR can also interact with glyceride units of the oil, further strengthening the 
interaction among aqueous phase-emulsifier-lipid phase [5,9]. 
Water-systems showed similar droplet size distribution curves, with 1.5 or 
3.0 % (w/w) PGPR content, while the 4.5% (w/w) PGPR system presented a slight left 
shift, indicating that the emulsifier concentration did not remarkably affect the droplet 
size (Fig. 5). However increasing PGPR concentration together with the addition of GA, 
NaCl or GA/NaCl resulted in a decrease of the droplet size. The gallic acid is mostly 
partitioned into the aqueous phase due to its high polarity, but the increase of emulsifier 
concentration favors the GA displacement towards the interfacial region [19]. Gallic 
acid, an organic acid, can act as a cosurfactant and cosolvent, altering the 
physicochemical properties of the aqueous phase and interface [11,21,22]. This 
property can reduce the droplet size in two ways: by increasing the solubility between 
phases or by penetrating the interfacial film as a filler-space cosurfactant between PGPR 
molecules [23]. In addition, a small portion of GA molecules is present in the dissociated 
form (pKa of gallic acid = 4.33) carrying a negative charge as GA and GA/NaCl systems 
showed pH values varying between 4.09 and 5.01. The presence of charged GA 
molecules may have hampered the recoalescence during homogenization due to the 






























Fig. 4. Optical micrographs of W/O emulsions stabilized by PGPG and with different 
composition of aqueous phase (water, GA, NaCl and GA/NaCl). Scale: 10 µm. 
 
The addition of NaCl resulted in a more significant reduction of droplet 
diameter of the W/O emulsions (Fig.4 and 5). NaCl is an ionic compound capable of 
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dissociating into Na+ and Cl− in water. The presence of such ions in the aqueous phase 
decreases the attractive forces between water droplets, reducing the collision frequency 
and, therefore the recoalescence of the newly formed droplets during the emulsification 
process [9,25,26]. In addition, the presence of NaCl in the dispersed phase has been 
associated with increased PGPR adsorption density at the water-oil interface, which may 
have contributed to the formation of a more stable interfacial film [10,18,27] . 
Simultaneous addition of GA and NaCl promoted a decrease in droplet 
diameter in relation to water-systems (Fig. 4 and Fig. S.1). The GA/NaCl emulsions were 
also more homogeneous (smaller width of droplet size distribution curves) than GA-
emulsions. However, the GA/NaCl blend showed to be less effective in reducing droplet 
diameter as compared to NaCl-systems (Fig. 5). As previously discussed, GA and NaCl 
can act at the water-oil interface and aqueous phase. Therefore, a competition between 
GA and NaCl concerning the interface may have occurred promoting the formation of 
slightly larger droplets. The presence of GA molecules at the interface may have 
hampered the action of NaCl in two ways: 1) GA at the interface, acting as co-surfactant, 
may have made more difficult the formation of a denser interfacial film of PGPR or/and 
2) the GA at interface may have decreased the electrostatic repulsion among the water 
droplets, promoted by dissociation of NaCl, during the homogenization process.  
The number size distribution curves of the W/O emulsions with different 
concentrations of PGPR and the distinct aqueous phases are shown in Fig. S.2. Results 
show the greater number of droplets with the lowest size in systems that presented 
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Fig. 5. Volume size distribution of the W/O emulsions with different composition of 
aqueous phases (Water, 0.5% (w/w) GA, 0.2% (w/w) NaCl or 0.5% (w/w) GA/0.2% (w/w) 
NaCl) and stabilized by varied PGPR concentration (1.5, 3.0 or 4.5% w/w). 
 
3.4 Rheological measurements 
Emulsions showed flow curves fitting fairly well to the Newtonian law, which 
means that the viscosity is not influenced by shear rate. All the W/O emulsions freshly 
prepared with different concentration of PGPR and distinct aqueous phases exhibited 
high viscosity. The viscosity of the W/O emulsions is shown in Table 2 and these values 
can be related to the small droplets size, relatively high dispersed phase volume fraction 
(around 30%) and continuous phase viscosity [28]. The viscosity of W/O emulsions was 
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directly proportional to the PGPR concentration, regardless of the aqueous phase 
composition. Emulsions produced with lower PGPR concentration presented higher 
droplet sizes and therefore lower surface area for interaction droplet-droplet, explaining 
the smaller viscosity.   
The addition of GA, NaCl or GA/NaCl blend in the aqueous phase, at the same 
PGPR concentration, resulted in changes of the droplet diameter and led to the 
production of systems with electrically charged droplets. However, the changes in the 
colloidal interactions between droplets promoted by the aqueous phase did not affect 
the viscosity of the emulsions.  
 
Table 2.Viscosity () of the W/O emulsions prepared with different PGPR 
concentration and composition of the aqueous phases. 
















GA+ NaCl 144±0.001Ac 






























Water 170±0.0006 Ba 
GA 172±0.009Aba 
NaCl 175±0.001Aa 
GA +NaCl 168±0.0009Ba 
Different letters indicate significant differences (p < 0.05). Capital letters: differences 
among the aqueous phases at the same PGPR concentration. Small letters: differences 
among samples with different PGPR concentration at the same aqueous phase.  
 
3.5 Kinetic stability 
The technique of multiple light scattering (backscattering profiles) has been 
used efficiently to evaluate the stability of colloidal systems, as it allows detecting the 
phenomenon of emulsions destabilization before effective visual observation [29–31]. 
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The backscattering (BS) profiles of the fresh emulsions and after fourteen days of 
storage are shown in Fig. 6. Immediately after the homogenization process, variations 
of BS values were not observed as a function of the height of the measuring cell. Fresh 
water- and GA-emulsions showed an increase in BS values increasing PGPR 
concentration, which was associated to smaller droplet diameters produced at higher 
emulsifier concentrations. The backscattering (BS) values are correlated to the droplet 
size. If the droplets are higher than the incident wavelength (880 nm) the BS values are 
inversely proportional to the droplet mean diameter. However, emulsions with addition 
of NaCl did not show variation of BS values increasing PGPR concentration. 
The physical stability of W/O emulsions was evaluated for 14 days of storage 
at room temperature (Fig. 6). The increase of PGPR amount improved the stability of the 
W/O emulsions with aqueous phase composed by NaCl and GA+NaCl. This result can be 
attributed to the smaller initial droplet size of emulsions produced with higher 
surfactant content, as shown in the microscopy images and droplet size distribution 
curves (Fig. 4 and 5). The decrease of droplet size results in an increase in surface area 
for interaction between the droplets and therefore, an increase of emulsions viscosity. 
More viscous systems may lead to reduced rates of coalescence and sedimentation as a 
consequence of reduced collision and droplets mobility [25,32]. In addition, 
gravitational effects are reduced with a smaller diameter, according to Stokes law, 
decreasing the sedimentation velocity of the droplets [28]. 
Interestingly, a different result was observed in GA-emulsions. Although 
increasing the amount of PGPR promoted smaller droplet in emulsions, 4.5% (w/w) 
PGPR-systems were more unstable during storage (Fig. 7). GA acts as a co-surfactant, 
competing with PGPR for the interface and causing further emulsion destabilization 
during the storage. The BS curves profile also provided information about destabilization 
mechanisms. The decrease in BS (%) values along the tube containing the sample 
evidenced an increase of droplet size due to a coalescence process. On the other hand, 
the increase of BS (%) at the bottom of the tube, at the expense of BS (%) diminution on 
the top part, indicates a sedimentation process. Therefore, as observed in Fig. 6, the 
destabilization of the water-systems occurred from mechanisms of coalescence and 




The water-emulsions showed the highest TSI values for 1.5 and 3.0% (w/w) 
of PGPR, while GA-system was the most unstable with 4.5% (w/w) of PGPR, during 
storage for 14 days, as shown in Fig. 7. This behavior reinforces the idea of the 
competition between GA and PGPR for the interface, leading to the instability of this 
system. The systems stabilized by NaCl and GA/NaCl showed the lowest TSI values. 
Although GA/NaCl-systems presented a slight coalescence, these systems showed low 
TSI values indicating that the addition of both GA and NaCl can be a good strategy. In 
addition to the good stability, such systems may offer protection to gallic acid. However 
the best condition was observed with NaCl addition, because the dissociation of NaCl 
decreased the attractive forces among the droplets through electrostatic and steric 
repulsions. Allied to this, this salt increased the adsorption density of the emulsifier and 
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Fig. 6. Backscattering profiles of W/O emulsions composed of different aqueous phases 
(water, GA, NaCl and GA+NaCl solutions) and stabilized by PGPR (1.5, 3.0 or 4.5% w/w): 
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 Day Day Day 
Fig. 7. Turbiscan stability index (TSI) for emulsions in different concentrations of PGPR 




The W/O emulsions features were mainly affected by the PGPR 
concentration, but the composition of aqueous phase also played a role on emulsions 
properties. The colloidal systems were formed from process with lower energy demand 
as dripping and homogenization in a rotor-stator system, both together favoring the 
formation of small droplets. The use of NaCl in the aqueous phase led to more kinetically 
stable emulsions with smaller droplet size. These results showed that the use of salts 
can favor the formation of stable emulsions, being an interesting strategy for production 
of double emulsions. On the other hand, aqueous phase with gallic acid favored 
emulsion destabilization, but addition of NaCl in this system decreased this deleterious 
effect. Therefore although the phenolic compound does not have good characteristics 
for the production of stable colloidal systems, the use of this compound added to NaCl 
may be an alternative for the delivery of compounds that may add nutritional 
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Fig.S.1 Droplet size distribution curves of the W/O emulsions composed of (__) Water, 
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Fig.S.2. Number size distribution curves of the W/O emulsions with different aqueous 
phases (Water, 0.5% (w/w) GA, 0.2% (w/w) NaCl or 0.5% (w/w) GA/0.2% (w/w) NaCl) 







































































Water 17.47 ± 0.97Aa 
GA 7.53 ± 0.31Bb 
NaCl 3.30 ± 0.17Ca 
GA/NaCl 3.30 ± 0.10Ca 













Water 12.25 ± 0.07Ab 
GA 11.20 ± 1.84Aa 
NaCl 3.10 ± 0.28Ba 
GA/NaCl 2.80 ± 0.28Bab 













Water 6.95 ± 0.21Bc 
GA 11.13 ± 0.81Aa 
NaCl 1.20 ± 0.26Cb 
GA/NaCl 2.43 ± 0.47Cb 
      Different letters indicate significant differences (p < 0.05). Capital letters: differences 
among the aqueous phases at the same PGPR concentration. Small letters: differences 
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ABSTRACT 
Double emulsions can act as fat substitutes in food matrices, but efficient synthetic 
emulsifiers as Tween 80 (T80) are commonly used to produce stable emulsions. 
However, the replacement of synthetic ingredients by natural alternatives has been 
pursuit for food applications. In this sense whey protein isolate (WPI) and sodium 
caseinate (SC) were used to stabilize the outer water phase (W2) of double emulsions 
W1/O/W2. Double emulsions stabilized by T80 was produced as a control. The effect of 
these different hydrophilic emulsifiers was evaluated from droplet size, viscosity, ζ -
potencial, interfacial tension and kinect stability measurements.  Double emulsions 
stabilized by SC showed smaller droplet size and higher values of viscosity in comparison 
to emulsions stabilized by WPI and T80. We conclude that type of hydrophilic emulsifier, 
properties of inner water droplets, viscosity of continuous and dispersed phase, 
influence droplet size, viscosity and kinect stability of double emulsions. This work 
provides a better understanding of how composition influences the properties of double 
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emulsions and how this can be used to design double emulsions as fat replacers in more 
complex food systems. 
Keywords: double emulsions; sodium caseinate; WPI; kinetic stability. 
 
1. Introduction 
Water in oil in water (W1/O/W2) double emulsions consists of an inner water-in-
oil (W1/O) emulsion dispersed (and emulsified) in an outer water phase (W2) (Neumann, 
Scherbej, van der Schaaf, & Karbstein, 2018). Due to this multicomponent structure, 
these colloidal systems can be used as fat replacers or to vehiculate bioactive 
compounds such as vitamins and antioxidants as gallic acid (GA). However, their low 
physical stability remains the biggest challenge for the successful production and 
commercialization of double emulsions (McClements, 2015a; Muschiolik & Dickinson, 
2017). To overcome this limitation, most of double emulsions are produced with 
synthetic emulsifiers which do not meet the consumer expectations. 
Double emulsions are subject to known instability mechanisms, such as 
sedimentation/creaming, flocculation, coalescence or Ostwald ripening. Moreover, 
other types of instabilities occur in double emulsions, such as the inner water droplets 
can coalesce with the outer water phase and inner water might diffuse through the oily 
membrane induced by pressure gradient between inner and outer water phase, causing 
the loss of inner water and consequently loss of the typical multicomponent structure 
(Neumann, van der Schaaf, & Karbstein, 2018; Pays, Giermanska-Kahn, Pouligny, 
Bibette, & Leal-Calderon, 2002). Therefore the presence of two different interfaces 
requires the use of at least two emulsifiers, one lipophilic to stabilize the W1/O interface, 
and one hydrophilic to stabilize the O/W2 interface. Particularly, the lipophilic emulsifier, 
which is dissolved in the intermediate oil phase, can be adsorbed on both interfaces and 
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might compete or interact with the hydrophilic emulsifier at the oil-water interfaces. 
This undesirable adsorption can alter the interfacial properties and lead to the 
destabilization of the emulsion (Neumann, Wittstock, van der Schaaf, & Karbstein, 
2018).  
Osmotic active ingredients could be added in aqueous phase of double emulsions 
(Schmidts et al., 2010) to hamper instability mechanisms, but the appropriate type of 
soluble substance should be selected in order to obtain the better stability. It has been 
shown that the addition of inorganic salts can be beneficial for the stability of W/O 
emulsions (Koroleva & Yurtov, 2003), because salt can regulate the osmotic pressure 
between the inner aqueous phase and the external aqueous phase, avoiding film 
rupturing and coalescence. Moreover, an adequate and efficient hydrophilic emulsifier 
have to be used in the external O/W2 emulsion and, in general, synthetic emulsifiers 
are used, but natural emulsifiers are desirable considering food applications (Schuch, 
Köhler, & Schuchmann, 2013). Therefore in view of this search for natural products with 
added nutritional value, our objective was to develop double emulsions stabilized with 
different hydrophilic emulsifiers, one synthetic (T80) and two natural (WPI and SC) 
emulsifiers, verifying the ability of natural emulsifiers in the formation and stabilization 
of double emulsions. 
 
2. Material and Methods 
2.1 Material 
Simple emulsions were produced using polyglycerol polyricinoleate 
(GRINSDTED®PGPR), kindly donated by Danisco Brasil Ltda (Brazil), as hydrofobic 
emulsifier; sunflower oil (Bunge Alimentos S.A., Brazil), purchased in the local market; 
gallic acid (GA), obtained from Sigma Aldrich Co. (St. Louis, EUA); and sodium chloride 
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(NaCl), obtained from Furlab (Brazil). The hydrophilic emulsifiers used to prepare the 
double emulsions were: polyoxyethylene sorbitan monooleate (Tween 80 - T80), 
obtained from Dinamica Quimica Contemporanea Ltda (Diadema, Brazil), whey protein 
(WPI), kindly donated by Fonterra Cooperative Group Limited (Auckland, New Zealand) 
or sodium caseinate (SC), kindly donated by Alibra Ingredients Ltda (Campinas, Brazil). 
 
2.2 Preparation of the water-in-oil-in-water (W1/O/W2) emulsions 
2.2.1 Preparation of solutions  
The inner aqueous phases (W1) were prepared by dissolving gallic acid- GA (0.2% 
w/w), NaCl (0.5% w/w) or GA/NaCl (0.2/0.5% w/w) in deionized water (Millipore®). The 
intermediate lipid phase was obtained by solubilizing PGPR (4.5% w/w) in sunflower oil 
while the external aqueous phases (W2) were prepared from the dissolution of T80 (3% 
w/w), WPI (10% w/w) or SC (8% w/w) in deionized water (Millipore®). Concentration of 
hydrophilic emulsifiers were chosen based on preliminary results to produce stable 
emulsions. The aqueous and the lipid phases were prepared using magnetic stirring 
overnight at room temperature to ensure complete dissolution. Based on the results of 
our previous study, PGPR was used at concentration of 4.5% (w/w). In this concentration 
of hydrophobic emulsifier, W/O emulsions showed great kinetic stability. 
 
2.2.2 Preparation of W1/O/W2 emulsions 
The simple water-in-oil (W1/O) emulsions were prepared by adding 30% (w/w) of 
the inner aqueous phase (W1) to 70% (w/w) lipid phase. The W1/O emulsions were 
produced by the dropwise method, in which the aqueous phase was dripped into the 
lipid phase at a flow rate of 4.5 mL/min supported by a digital pump (Masterflex L/S 
Cole-Parmer Instrument Company, USA) while the phases mixture was homogenized by 
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a rotor-stator system Ultra Turrax model T18 (IKA, Staufen, Germany) at 14,600 rpm. 
After the complete incorporation of the aqueous phase into the emulsion (after about 
7 min), the system was homogenized for additional four minutes. Then, the simple W1/O 
emulsion (70% w/w) was added to the external aqueous phase -W2 (30% w/w) and the 
system was homogenized by a rotor-stator system Ultra Turrax model T18 (IKA, Staufen, 
Germany) at 10,800 rpm for 2 min. All emulsions were prepared in triplicate.  
 
2.3 Emulsion characterization  
2.3.1 Particle size distribution 
A Mastersizer 2000 (Malvern Instruments, UK) equipped with the accessory Hydro 
2000S (Malvern Instruments, UK) was used to determine the droplet size distribution of 
the W1/O/W2 emulsions. The samples were dispersed in distilled water (refractive index 
1.33) and the rotational velocity was maintained at 1,750 rpm. The measurements were 
performed just after the preparation of the double emulsions  
 
2.3.2 Microstructure 
2.3.2.1 Optical microscopy 
The microstructure of the fresh emulsions was observed in an optical microscope 
(Axio Scope.A1, Carl Zeiss, Germany) with a 100 × oil immersion objective lens. The 
images were captured with the software AxioVision Rel. 4.8 (Carl Zeiss, Germany).  
 
2.3.2.2 Confocal scanning laser microscopy (CSLM) 
Firstly, the sunflower oil used to form the emulsions was stained with fluorescent 
dye Red Nile and both whey protein isolate (WPI) and sodium caseinate (SC) were 
stained using fluorescent dye fluorescein isothiocyanate (FITC). Fresh W1/O/W2 
emulsions stabilized with WPI or SC were observed using a Zeiss LSM 780-NLO confocal 
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on an Axio Observer Z.1 microscope (Carl Zeiss, Germany) with an objective 100×. The 
images were collected using 530 nm and 488 nm laser lines for excitation of the Red Nile 
and FITC, respectively, with pinholes set to one airy unit for each channel and 1024 × 
1024 image format. 
 
2.3.3 Rheological behavior 
Rheological measurements of double emulsions were carried out using a stress-
controlled rheometer (AR1500ex, TA Instruments, England) with stainless steel cone-
plate geometry (diameter = 40 mm; cone truncation = 47 mm). The shear rate varied 
between 0 and 300 s-1 and the flow curves were obtained in sequential three flow steps: 
up-down-up cycles. The third flow curve data were fitted to Newtonian (Eq. 1), power-
law (Eq. 2) or Herschel- Bulkley (HB) (Eq. 3) equations. Viscosity of emulsions that 
presented non-Newtonian behavior was evaluated at 2 s-1, which was the lowest shear 
rate measured. Emulsions were evaluated just after their preparation in triplicate at 25 
°C. 
𝜎 = ƞ?̇? (1) 
𝜎 = 𝑘?̇?n                                                                                                                                                                           (2) 
𝜎 = 𝜎0 + 𝑘?̇?
n    (3) 
  
where 𝜎 is the shear stress (Pa), ƞ is the viscosity (Pa s),  ?̇? is the shear rate (s-1), n is the 




2.3.4 ζ – potential 
ζ-potential of the double emulsions was determined using a Zetasizer Nano Series 
(Malvern Instruments, UK). The emulsions were diluted in deionized water (Millipore®) 
in the ratio 1:1000 (v/v).   
 
2.3.5 Kinetic stability - laser scanning turbidimetry 
The kinetic stability of double emulsions was monitored with the optical scanning 
instrument Turbiscan ASG (Formulaction, France). Immediately after preparation, the 
emulsions were placed in flat-bottomed cylindrical glass tubes (140mm height, 16mm 
diameter) and the first measurement of backscattered light intensity was performed 
(0 day). The tubes were stored at 25 °C and subsequent measurements were taken on 
day 7 at the wavelength 880 nm. The backscattering profiles (BS) at different sample 
height (mm) were used to analyze the destabilization of the emulsions. A sample height 
of 0 mm corresponds to the bottom of the measuring cell. The Turbiscan Stability Index 
(TSI), which is calculated as the sum of all destabilization processes that occur in the 
sample along the measuring cell, was quantified according to Eq. 4. 
𝑇𝑆𝐼 = ∑|𝑠𝑐𝑎𝑛𝑟𝑒𝑓
𝑗
(ℎ𝑗) − 𝑠𝑐𝑎𝑛𝑖(ℎ𝑖)| (4) 
  
where 𝑠𝑐𝑎𝑛𝑟𝑒𝑓 and 𝑠𝑐𝑎𝑛𝑖  are the initial backscattering value and the backscattering 
value after 7 days of storage, respectively, ℎ𝑗  is the given height in the measuring cell 
and 𝑇𝑆𝐼 is the sum of all the scan differences from the bottom to the top of the tube. 
 
2.3.7 Dynamic interfacial tension 
The interfacial tension between simple W1/O emulsion and the external aqueous 
phase (W2) was measured at 25 °C using a tensiometer Tracker-S (Teclis, France) by the 
pendant droplet method. The simple emulsions (W1/O), with inner aqueous phase 
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composed of aqueous solution of GA, NaCl, GA/NaCl or water and stabilized with 4.5% 
PGPR (w/w), were accommodated in the needle for droplet formation while the external 
aqueous phases were placed in the cuvette. The previously prepared dispersions of 
hydrophilic emulsifiers were diluted in deionized water (Millipore®), in the following 
ratios:  T80 (1:8), WPI (1:4) and SC (1:8), since the non-diluted dispersions showed high 
opacity hindering image analysis. All the solutions were maintained at room 
temperature overnight under magnetic stirring at 300 rpm before performing the 
analysis. Measurements were performed in triplicate. 
 
2.3.8 Statistical analyses 
Analysis of variance (ANOVA) was performed using the Statistics 7 software and 
the significant differences (p < 0.05) between the treatments were evaluated fromTukey 
analysis. 
 
3. Results and discussion 
3.1 Interfacial tension 
Measurements of interfacial tension between W1/O simple emulsion and the 
external aqueous phase (W2) were performed aiming to understand the role of each 
component and the interaction among them on the stability of double emulsions. The 
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Fig 1. Dynamic interfacial tension of the systems composed of T80 (3% w/w), WPI (10% 
w/w) or SC (8% w/w) solutions as external aqueous phases and W1/O simple emulsion 
with different inner aqueous phases: (■) Water; (▲) 0.5% (w/w) GA; () 0.2% (w/w) 
NaCl or () 0.5% (w/w) GA/0.2% NaCl. 
 
The interfacial tension was affected both by the nature of hydrophilic emulsifier 
and the inner aqueous phase composition. The T80-systems showed the lowest initial 
and equilibrium interfacial tension values. Tween 80 is a chemically synthesized 
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interface due to its low molecular weight (1309.7 g/mol), explaining the more 
pronounced decrease of the interfacial tension in T80-systems. In addition, the 
adsorption and arrangement of Tween 80 at the nonpolar phase is facilitated because 
its molecules present only one carbon chain of oleic acid (C18:1) as hydrophobic tail, 
also contributing to the reduction of interfacial tension (Gomes, Costa, and Cunha 2018).  
The process of adsorption and rearragement of proteins at the interface occurs 
differently from synthectic emulsifiers. Protein anchorage onto the interface happens in 
three main stages: diffusion from the bulk phase to the proximity of the interface, 
adsorption, and reorganization of the adsorbed protein molecules. After adsorption, 
proteins undergo conformational changes allowing their anchorage onto the droplet 
interface. Amino acids originally located within the hydrophobic interior of the molecule 
are exposed and realigned in the lipid phase, while hydrophilic amino acids are 
positioned within the aqueous phase, minimizing unfavorable interactions (Bouyer, 
Mekhloufi, Rosilio, & Grossiord, 2012; Caetano & Miquelim, 2013). The proteins show 
different diffusion velocities through the dispersed phase and different levels of 
unfolding at the interface, depending on their molecular weight and the ability of their 
structures to reorganize at the interface. Such processes are deeply linked to the 
interfacial tension in systems stabilized by different polymeric emulsifiers.  
Figure 1 shows that the WPI-systems reached lower interfacial tension values than 
SC-systems, except to GA/NaCl blend system. The main components of WPI (α-
lactalbumin-14,200 g/mol; β-lactoglobulin-18,300 g/mol and BSA-bovine serum 
albumin- 66,338 g/mol) show relatively high molecular weight, which hinders their 
diffusion towards  the interface (Bos & Vliet, 2001; Bouyer et al., 2012). In addition, 
globular proteins, such as WPI, present slower unfolding once they have more 
80 
 
intramolecular bonds to stabilize their structure (Böttcher, Keppler, & Drusch, 2016). 
However, the WPI molecules adsorbed at the interface undergo extensive 
rearrangement over time, reaching lower equilibrium interfacial tension values due to 
the formation of a compacted intermolecular network of proteins. On the other hand, 
sodium caseinate (SC) is a more flexible and unfolded protein. Therefore, SC molecules 
have hydrophobic groups more exposed to anchorage on the lipid phase which 
contribute to faster adsorption and rearrangement of SC at the interface than WPI. 
Therefore, SC reaches the equilibrium interfacial tension in less time, demonstrating the 
great efficiency of unfolded proteins to stabilize W1/O emulsion - external aqueous 
phase (W2) interfaces  (Gülseren & Corredig, 2012).  
The T80- and WPI-systems showed similar behavior in relation to the effect of the 
inner aqueous phase composition on the interfacial tension. The lower reduction of the 
interfacial tension occurred in systems with NaCl followed by those composed of 
GA/NaCl, water and GA. In SC systems, the addition of NaCl also resulted in the lowest 
rate of tension decay over time.The presence of salt may have affected the solubility 
and packaging characteristics of the emulsifiers, especially PGPR in the lipic phase, 
preventing hydrophilic emulsifiers from reducing interfacial tension of emulsified 
systems (Saberi, Fang, & Mcclements, 2014). On the other hand, the gallic acid (GA) 
promotes changes in the physicochemical properties of the aqueous phase and interface 
(Di Mattia, Sacchetti, Mastrocola, Sarker, & Pittia, 2010)  because it can act as a 
cosurfactant and cosolvent agent favoring the decrease of interfacial tension (Fasolin, 
Santana, & Cunha, 2014) of the W1/O emulsion. Although GA in the aqueous phase was 
less efficient to stabilize W/O emulsion compared to NaCl, the addition of this phenolic 
compound favored the reduction of the interfacial tension of the double emulsions. 
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However, the addition of GA or GA/NaCl in the inner aqueous phase of the SC-system 
did not affect the behavior of the interfacial tension curves compared to water-system, 
while T-80 and WPI-systems showed an intermediate behavior between NaCl and GA. 
These results point to the relevant role of the composition of the inner aqueous phase 
combined with the type of emulsifier of the external aqueous phase on the properties 
of double emulsions. 
The presence of GA alone or in the blend with NaCl changed the behavior of 
interfacial tension curves in a different way, depending of the protein used to stabilize 
the system. The phenolic compounds, as GA, can interact with proteins to form stable 
complex due to its hydroxyl and carbonyl structure (Patel et al., 2013;Zhan et al., 
2020b)). The complexation between the protein-phenolic compound can alter the 
structure of the protein and its surface-active property (Pessato et al., 2018). Such 
changes depend on the protein-phenolic compound ratio and the structure of the 
protein (Zhan et al., 2020). Thus, the different behaviors of interfacial tension curves of 
the systems with GA stabilized by WPI or SC can be at least related to formation of 
complexes WPI-GA and SC-GA. 
 
3.2 Droplet size and optical microscopy of double emulsions 
The type of hydrophilic emulsifier and the inner aqueous phase composition (W1) 
affected the mean droplet diameter and the behavior of droplet size distribution curves 
of emulsions (Table 1 and Fig. 2). However, all formulations allowed the formation of 
double W1/O/W2 emulsions, as can be seen in microscopic images (Fig. 3). 
The emulsions stabilized by SC showed smaller droplet size (3.5 – 5.5 m for D32 
or 6-9 m for D43) than those produced by T80 (6.5-10.5 m for D32 or 14 – 19 m for 
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D43), but the largest droplet diameters were observed to the WPI-emulsions (7-24 m 
for D32 or 27 – 105 m for D43) (Table 1).  Although all emulsions presented bimodal 
droplet size distribution, the SC-curves showed greater displacement towards smaller 
droplet sizes than the T80-curves while WPI-curves shifted to larger droplet diameter 
(Fig. 2). The ability of an emulsifier to reduce the droplet diameter of emulsions has been 
related to the kinetic of decay of interfacial tension curves and the time needed to reach 
the equilibrium tension (Wilde, 2000). Therefore, these results indicate that, during the 
emulsification process, double emulsions stabilized by SC were capable to reduce the 
interfacial tension more quickly and reach the equilibrium tension in less time (Fig.1), 
which resulted in smaller droplets.  
 
Table. 1 Mean droplet diameters (D32 and D43) of the W1/O/W2 emulsions with inner 
aqueous phase composed of water, GA (0.5% w/w), NaCl (0.2% w/w) or GA/NaCl 
(0.5%/0.2% w/w) blend and stabilized by different emulsifiers (Tween 80, WPI or SC) 
added in the outer aqueous phase. 
 Water GA NaCl GA/NaCl 
 D32 (m) D43(m) D32 (m) D43 (m) D32 (m) D43 (m) D32 (m) D43 (m) 
T80 8.46±0.02Bb 15.41±0.02Bb 6.38±0.85Ca 13.99±0.32Bb 9.79±0.44ABb 18.94±1.47Ab 10.58±1.18Ab 14.61±0.18Bb 
WPI 23.66±2.08Aa 105.37±4.58Aa 7.26±1.01Ba 27.15±2.51Ca 22.83±0.61Aa 73.55±2.40Ba 24.15±0.65Aa 76.62±1.11Ba 
SC 3.45±0.02Dc 6.66±0.01Cc 4.42±0.01Bb 8.05±0.02Bc 3.97±0.03Cc 6.32±0.07Dc 5.40±0.03Ac 8.79±0.01Ac 
Different letters indicate significant differences (p < 0.05) between D32 or D43. Capital letters: differences 
among the inner aqueous phases using the same emulsifier. Small letters: differences among samples 
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Fig.2. Droplet size distribution curves of double emulsions stabilized by different 
hydrophilic emulsifiers:  A) 3% (w/w) T80; B) 10% (w/w) WPI or C) 8% (w/w) SC. 
Composition of inner aqueous phase (W1): (____) Water; (.......) 0.5%GA (w/w); (----) 
0.2% NaCl (w/w) and (___) 0.5%GA/0.2%NaCl (w/w). 
 
The differences between the mean droplet size of WPI- and SC-emulsions may be 
related to structural characteristics of each protein. The SC presents a more flexible 
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rearrangement of these molecules onto the droplet surface (Gülseren & Corredig, 2012; 
Oppermann, Noppers, Stieger, & Scholten, 2018). On the other hand, WPI has a higher 
molecular weight, showing slower displacement and rearrangement at the interface, 
which can favor the recoalescence during homogenization and the formation of larger 
droplets (Bouyer et al., 2012). 
The internal aqueous phase composition also affected the droplet diameters and 
the behavior of the droplet size distribution curves. Among the W1/O/W2 emulsions, the 
WPI-stabilized systems showed the highest sensitivity to the addition of GA, NaCl or 
GA/NaCl in W1 (Table 1). The addition of NaCl or GA/NaCl in the inner aqueous phase 
promoted a decrease of droplet size in relation to water-WPI system. In addition the 
mean droplet diameters of NaCl- and GA/NaCl blend-systems did not present 
significative differences, indicating the NaCl action on the reduction of droplet size. On 
the other hand, the addition of only GA promoted a pronounced decrease of droplet 
size. The GA, a phenolic compound, can interact with proteins, like WPI,  forming 
complex WPI-GA (Pessato et al., 2019; Zhan et al., 2020a). This GA-WPI interaction could 
promote the unfolding of the protein with the exposure of previously hidden 
hydrophobic amino acids (Pessato et al., 2019). A more unfolded protein can adsorb 
faster on the interface facilitating the formation of smaller droplets. 
Figure 4 shows the confocal microscopy of W1/O/W2 emulsions composed of 0.2% 
(w/w) NaCl solution as inner aqueous phase and stabilized by 10 % (w/w) WPI or 8% 
(w/w) SC. In these images, WPI and sodium caseinate appears with a green color, while 
the red areas indicate the presence of sunflower oil. The pictures show that the nature 
of hydrophilic emulsifier affected the emulsion structure. WPI-emulsions showed big 
droplets with the predominant presence of protein at the droplet surface (Figure 4), 
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while the SC-emulsions presented smaller droplets and also the presence of the protein 
in the external aqueous phase (Figure 4).  
 



















   
Fig. 3. Optical micrographs of double W/O/W emulsions. Scale: 10 µm. 
 
 














Fig. 4. Confocal micrographs of the W/O/W emulsions with NaCl added in the inner 
aqueous phase (W1) and stabilized by WPI or SC (the red areas show the lipid phase 
stained using the fluorescent dye Red Nile, the black areas show the internal aqueous 
phase and the green ones show the protein (in the outer aqueous phase) stained using 
FITC. Scale: 10 µm. 
 
3.3 ζ – potential 
pH and ζ -potential analysis were performed to investigate the effects of addition 
of GA, NaCl or GA/NaCl mixture in the inner aqueous phase and hydrophilic emulsifier 
nature on the properties of W1/O/W2 double emulsions (Table 2). Zeta potential can be 
influenced by pH of the system and it is an important parameter for evaluating the 
stability of emulsions (Doğan, Göksel Saraç, & Aslan Türker, 2020). 
As can be seen in Table 2, pH values of T80-emulsions decreased significantly 
(p < 0.05) with the addition of GA or GA/NaCl blend, but the water- and NaCl-systems 
showed similar pH values. Gallic acid molecule undergoes ionization in aqueous solution, 
decreasing the pH value of the system. However, gallic acid is a weak acid that does not 
completely dissociate in solution, justifying the slight pH reduction of GA- and GA/NaCl 
blend systems. Interestingly, the addition of GA, NaCl or GA/NaCl blend did not affect 
the pH of the systems stabilized by proteins. The highest pH values were obtained from 
emulsions prepared with SC and the WPI-emulsions showed the lowest values of pH.  
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Table. 2.  ζ – potential and pH of the double emulsions prepared with different 
composition of inner aqueous phase (water, GA, NaCl and GA/NaCl) and outer aqueous 
phase (T80, WPI or SC). 
 Water GA NaCl GA/NaCl 
 pH ζ – potential pH ζ – potential pH ζ – potential pH ζ – potential 
T80 5.20±0.05Ba -56.54±2.07Ca 4.55±0.04Bb -32.98±1.25Bd 5.22±0.01Ba -45.28±1.37Bc 4.43±0.03Bc -50.23±1.72Bb 
WPI 4.66±0.46Ba 39.47±2.15Ab 4.12±0.038Ca 18.83±1.57Ac 4.39±0.05Ca 52.84±2.82Aa 4.2±0.04Ca 8.31±3.36Ad 
SC 6.84±0.02Aa -47.07±2.99Bb 6.43±0.29Ab -53.12±2.99Cab 6.65±0.06Aab -57.14±3.01Ca 6.43±0.03Ab -52.14±4.0Bab 
Different letters indicate significant differences (p < 0.05). Capital letters: differences among 
samples stabilized by different emulsifiers with the same aqueous phase. Small letters: 
differences among the aqueous phases with the same emulsifier. 
 
Independent of the inner aqueous phase composition, the T80- and SC-emulsions 
showed negative ζ-potential while the systems stabilized by WPI presented positive 
values of ζ-potential. It is remarkable to observe the high negative ζ-potential value of 
T80-systems, although this surfactant is nonionic (Table 2). This fact have been 
attributed to adsorption of negative molecules onto the interface, such as OH− species 
from aqueous phase and charged impurities from the commercial emulsifier or from the 
oil (e.g., free fatty acids) (McClements, 2015b; Mun, Decker, & Mcclements, 2007; 
Sakuno, Matsumoto, Kawai, & Taihei, 2008). At pH around 6.4-6.9, the ζ-potential of the 
droplets stabilized by SC were highly negative because such pH values are appreciably 
above the isoelectric point (pI) of casein (pI ∼ 5) (Benichou, Aserin, & Garti, 2007). On 
the other hand, WPI-emulsions presented pH values (around 4.1 – 4.7) below of pI of 
WPI (pH 5.5) justifying the positive ζ-potential of these systems (Lara et al., 2019). Such 
results testify that the pH affects the ζ-potential of droplets surrounded by protein 
layers.  
The inner aqueous phase composition did not affect the ζ-potential of SC-
emulsions, but the addition of GA and GA/NaCl in the WPI-systems and GA in the T80-
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systems promoted a relevant change of ζ-potential values. It is important to note that 
only systems with the presence of GA showed changes in the ζ-potential values and this 
behavior was dependent on the nature and structure of the hydrophilic emulsifier. The 
W1/O/W2 emulsions produced in this work are very complex systems, due to the varied 
ingredients used to build them and the own structure of double emulsions. Therefore, 
further research is needed in order to better explain the interaction of ingredients and 
their effect on ζ-potential. 
 
3.4 Rheological assays 
The effect of different hydrophilic emulsifiers and inner aqueus phase composition 
on the emulsion stability can be better understood by rheological measurements. 
Emulsions viscosity can be influenced by the droplets size, viscosity of the phases, 
repulsive colloidal interactions between the droplets and presence of charged droplets 
(McClements 2005). Rheological properties of the W/O/W emulsions are shown in Table 
3.  The SC-systems showed the highest viscosity compared to T80- and WPI-systems. The 
double emulsions stabilized by SC showed the smallest droplet sizes, allowing a greater 
interaction between them and, therefore, greater resistance to flow, explaining the 
increases in viscosity. Moreover, addition of SC (8% w/w) increased the viscosity of the 
external aqueous phase, also contributing to increase the viscosity of the bulk system. 
The T80-emulsions also presented reduced droplet sizes, but showed lower viscosity 
compared to SC-systems.  
However, WPI-emulsions showed larger droplet size and exhibited lower viscosity 
values. The lower viscosity of WPI-systems could also be associated with: 1) the higher 
steric hindrance caused by the bigger size of protein molecules covering the droplets 
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that are positively charged and cannot get so close to each other; and 2) high viscosity 
of the external aqueous phase composed of solution with 10% (w/w) of WPI. 
 
Table. 3. Rheological properties of the W/O/W emulsions obtained from the fitting of 
Newtonian, power law or Herschel- Bulkley (HB) equations. Viscosity values () were 




















Water - 0.10 ± 0.03 0.78 ± 0.04 0.12 ± 0.04Bb 
GA - - - 0.17 ± 0.01Bb 
NaCl 5.18 ± 0.22 5.00 ± 0.66 0.51 ± 0.01 4.02 ± 0.40Ac 










Water - 0.02 ± 0.01 0.86 ± 0.03 0.05 ± 0.01Cc 
GA - 0.03 ± 0.01 0.86 ± 0.01 0.05 ± 0.01Cc 
NaCl - 11.84 ± 1.04 0.32 ± 0.01 5.42 ± 0.32Ab 








Water - 0.23 ± 0.01 0.80 ± 0.01 0.33 ± 0.02Ca 
GA  0.36 ± 0.06 0.76 ± 0.01 0.42 ± 0.06Ca 
NaCl 13.50 ± 1.93 10.21 ± 1.39 0.50 ± 0.02 11.31 ± 0.58Ba 
GA/NaCl 15.14 ± 2.94 14.19 ± 0.89 0.46 ± 0.01 14.35 ± 0.49Aa 
 Different letters indicate significant differences (p < 0.05). Capital letters: differences among samples with 
different inner aqueous phases stabilized by the same emulsifier. Small letters: differences among 
emulsifiers with the same inner aqueous phase. 
 
Regarding the composition of the inner aqueous phase, the water- or GA-systems 
presented the lower viscosity values while the addition of NaCl or GA/NaCl produced 
systems with higher viscosity. NaCl is an ionic compound capable of dissociating into 
Na+ and Cl− in water. The presence of such ions on the droplets surface increases the 
repulsive forces among them due to electrostatic repulsion. Consequently, the effective 
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droplets diameter and the effective volume fraction of the dispersed phase is increased, 
leading to an increase in the emulsions viscosity (McClements 2005; Tadros 1994).   
 
3.5 Kinetic stability 
Backscattering profiles obtained from the turbidimetric measurements were 
analyzed to evaluate the stability of double emulsions. The multiple light scattering 
technique (backscattering profiles) allows detecting the destabilization phenomenon of 
emulsions before any effective visual observation (Dima & Dima, 2020; Gutiérrez, 
Matos, Benito, Coca, & Pazos, 2014; Matos, Gutiérrez, Iglesias, Coca, & Pazos, 2015; 
Trujillo-Cayado, Alfaro, Muñoz, Raymundo, & Sousa, 2016). The backscattering (BS) 
profiles of the fresh emulsions and those stored for 7 days are shown in Fig. 5.  
Immediately after producing emulsions, variation of BS values was not observed 
as a function of the height of the measuring cell. The fresh emulsions stabilized by T80 
or SC presented higher BS values (around 90%) than those stabilized by WPI (around 
80%), which could be explained by the smaller droplet size of the T80- and SC-emulsions. 
The backscattering (BS) values are correlated to the droplet size. The BS values increase 
with the reduction of the droplet diameter if the particle size is larger than the incident 
wavelength (880 nm). However, the presence of GA, NaCl or GA/NaCl in the inner 
aqueous phase did not affect the BS values of fresh emulsions. A decrease of the BS 
values was observed after 7 days of storage. The samples with inner aqueous phase 
composed of water or GA-solution showed BS values of approximately 10% on the 
bottom of the measuring cell followed by a pronounced increase on the top of the cell. 
The BS values on the top of the measuring cell were higher to T80- and SC-systems (80%) 
than WPI-samples (50%). The presence of a defined interface (serum and cream layer) 
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highlights the destabilization process by creaming mechanism for all systems and also 












































   
     Height (mm)      Height (mm)      Height (mm) 
Fig.5. Backscattering profiles of W1/O/W2 emulsions with inner aqueous phase 
composed of water, GA (0.5% w/w), NaCl (0.2% w/w) or GA/NaCl (0.5%+0.2% w/w) 
blend and stabilized by different emulsifiers (Tween 80, WPI or SC) in the outer aqueous 
phase. Fresh emulsions (solid line) and after 7 days of storage (dashed red line). 
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The kinetic instability of the double emulsions can be observed by the high TSI 
values (Table 4). WPI-systems showed the highest TSI values (48 – 49), while the lowest 
TSI values were observed for SC-systems (2.2). These results can be attributed to the 
initial droplet size of the emulsions (SC  T80  WPI) as shown in the microscopy images 
(Fig. 3) and results of mean droplet size (Table 1). The reduction of the droplet diameter 
promotes an increase in the surface area, favoring droplet-droplet interactions and 
causing an increase of emulsions viscosity. More viscous systems hinder the mobility of 
droplets and, therefore, reduce the destabilization rates by coalescence and creaming 
(Márquez, Medrano, Panizzolo, & Wagner, 2010; Su, Flanagan, Hemar, & Singh, 2006). 
According to Stokes law, the droplets velocity is reduced with a small diameter and high 
viscosity,  retarding the creaming process (Tadros, 2013). Finally, the SC is able to form 
a more homogeneous interfacial layer due its rapid interfacial adsorption, which limits 
the expulsion of inner water droplets to the external phase (Oppermann et al., 2018). 
The profile of BS curves of the samples with NaCl- or GA/NaCl-solution as inner 
aqueous phase showed few changes after 7 days of storage, indicating the high stability 
of these systems. The GA/NaCl-systems presented a slight coalescence, but their TSI 
values were very lower (3.5 - 10) than GA-systems (22- 49) indicating  that the adddition 
of NaCl favored the emulsions stability. The best stability condition or the lowest TSI 
values (around 2.5) were observed to the NaCl-emulsions, regardless the type of 
hydrophilic emulsifier. This salt decreases the attractive forces between the droplets 
and increases the adsorption density of the hydrophobic emulsifier improving primary 
W1/O emulsion stability and consequently W1/O/W2 emulsion stability (Márquez et al., 
2010; Raviadaran, Ng, Manickam, & Chandran, 2019). Although WPI emulsions showed 
much higher droplet diameters than the T80 and SC systems, it is interesting to note 
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that no visual destabilization was observed. Such behavior can be justified by the 
immobilization of droplets promoted by the high viscosity of these systems.  
 
Table. 4 Turbiscan stability index (TSI) values for W/O/W emulsions aged for 7 days. 












GA+ NaCl 8.75±1.20Ac 

























GA +NaCl 3.57±0.84Bc 
Different letters indicate significant differences (p < 0.05). Small letters: differences 
between the emulsifiers with the same aqueous phase. Capital letters: differences in the 
composition of inner aqueous phase with the same emulsifier. 
 
4. Conclusion 
Production of W1/O emulsions by dropwise method was essential to form stable 
double emulsions, but the W/O/W emulsions features were affected by the type of 
emulsifiers added in the external aqueous phase. The use of sodium caseinate as 
alternative for sinthetic emulsifiers was successfully performed. Our results indicated 
that the use of sodium caseinate resulted in double emulsions with smaller droplet sizes, 
higher viscosity and stability in relation of the systems stabilized by Tween 80 and WPI. 
Therefore, in addition to producing more stable double emulsions, sodium caseinate 
contributed to the addition of nutritional value to the food matrix. However, the use of 
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NaCl in the inner aqueous phase also induced positive characteristics in these colloidal 
systems. All systems containing NaCl in the inner aqueous phase presented an improved 
kinetic stability for 7 days.  This study showed that the composition of both aqueous 
phases played a fundamental role on the stability of double emulsion and therefore the 
use of ingredient engineering is necessary to produce emulsions with enhanced 
properties for application in food products. 
 
ACKNOWLEDGMENTS 
This study was financed by the Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior – Brasil (CAPES) - Finance Code 001. Chevalier (132297/2018-3) and 
Gomes (156024/2018-7) thanks CNPq-Brazil for the scholarship and Cunha thanks CNPq 

















Benichou, A., Aserin, A., & Garti, N. (2007). W / O / W double emulsions stabilized with WPI – 
polysaccharide complexes, 294(January 2006), 20–32. 
https://doi.org/10.1016/j.colsurfa.2006.07.056 
Bos, M. A., & Vliet, T. Van. (2001). Interfacial rheological properties of adsorbed protein layers 
and surfactants : a review, 437–471. 
Böttcher, S., Keppler, J., & Drusch, S. (2016). Mixtures of Quillaja saponin and beta- lactoglobulin 
at the oil / water-interface : ad- sorption , interfacial rheology and emulsion properties. 
Colloids and Surfaces A: Physicochemical and Engineering Aspects. 
https://doi.org/10.1016/j.colsurfa.2016.12.041 
Bouyer, E., Mekhloufi, G., Rosilio, V., & Grossiord, J. (2012). Proteins , polysaccharides , and their 
complexes used as stabilizers for emulsions : Alternatives to synthetic surfactants in the 
pharmaceutical field ? International Journal of Pharmaceutics, 436(1–2), 359–378. 
https://doi.org/10.1016/j.ijpharm.2012.06.052 
Caetano, S., & Miquelim, J. N. (2013). Interfacial Behavior of Food Proteins, 10–14. 
Di Mattia, C. D., Sacchetti, G., Mastrocola, D., Sarker, D. K., & Pittia, P. (2010). Surface properties 
of phenolic compounds and their influence on the dispersion degree and oxidative stability 
of olive oil O/W emulsions. Food Hydrocolloids, 24(6–7), 652–658. 
https://doi.org/10.1016/j.foodhyd.2010.03.007 
Dima, C., & Dima, S. (2020). Bioaccessibility study of calcium and vitamin D 3 co-
microencapsulated in water-in-oil-in-water double emulsions. Food Chemistry, 
303(January 2019), 125416. https://doi.org/10.1016/j.foodchem.2019.125416 
Doğan, M., Göksel Saraç, M., & Aslan Türker, D. (2020). Effect of salt on the inter-relationship 
between the morphological, emulsifying and interfacial rheological properties of O/W 
emulsions at oil/water interface. Journal of Food Engineering, 275(July 2019). 
https://doi.org/10.1016/j.jfoodeng.2019.109871 
Fasolin, L. H., Santana, R. C., & Cunha, R. L. (2014). Influence of organic acids on surfactant self-
97 
 
assemblies in surfactant/oil/water systems. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 459, 290–297. https://doi.org/10.1016/j.colsurfa.2014.07.010 
Gülseren, I., & Corredig, M. (2012). Interactions at the interface between hydrophobic and 
hydrophilic emulsifiers: Polyglycerol polyricinoleate (PGPR) and milk proteins, studied by 
drop shape tensiometry. Food Hydrocolloids, 29(1), 193–198. 
https://doi.org/10.1016/j.foodhyd.2012.03.010 
Gutiérrez, G., Matos, M., Benito, J. M., Coca, J., & Pazos, C. (2014). Preparation of HIPEs with 
controlled droplet size containing lutein. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 442, 111–122. https://doi.org/10.1016/j.colsurfa.2013.05.077 
Koroleva, M. Y., & Yurtov, E. V. (2003). Effect of ionic strength of dispersed phase on Ostwald 
ripening in water-in-oil emulsions. Colloid Journal of the Russian Academy of Sciences: 
Kolloidnyi Zhurnal, 65(1), 40–43. https://doi.org/10.1023/A:1022362807131 
Lara, B. R. B., Araújo, A. C. M. A., Dias, M. V., Guimarães, M., Santos, T. A., Ferreira, L. F., & 
Borges, S. V. (2019). Morphological, mechanical and physical properties of new whey 
protein isolate/ polyvinyl alcohol blends for food flexible packaging. Food Packaging and 
Shelf Life, 19(November 2018), 16–23. https://doi.org/10.1016/j.fpsl.2018.11.010 
Márquez, A. L., Medrano, A., Panizzolo, L. A., & Wagner, J. R. (2010). Effect of calcium salts and 
surfactant concentration on the stability of water-in-oil (w/o) emulsions prepared with 
polyglycerol polyricinoleate. Journal of Colloid and Interface Science, 341(1), 101–108. 
https://doi.org/10.1016/j.jcis.2009.09.020 
Matos, M., Gutiérrez, G., Iglesias, O., Coca, J., & Pazos, C. (2015). Characterization, stability and 
rheology of highly concentrated monodisperse emulsions containing lutein. Food 
Hydrocolloids, 49, 156–163. https://doi.org/10.1016/j.foodhyd.2015.03.021 
McClements, D. J. (2015a). Encapsulation, protection, and release of hydrophilic active 
components: Potential and limitations of colloidal delivery systems. Advances in Colloid 
and Interface Science, 219, 27–53. https://doi.org/10.1016/j.cis.2015.02.002 
98 
 
McClements, D. J. (2015b). Food Emulsions: Principles, Practices, and Techniques. (F. CRC Press 
(Taylor & Francis Group): Boca Raton, Ed.) (3 rd, Vol. 132). https://doi.org/10.1201/b18868 
Mun, S., Decker, E. A., & Mcclements, D. J. (2007). Influence of emulsifier type on in vitro 
digestibility of lipid droplets by pancreatic lipase, 40, 770–781. 
https://doi.org/10.1016/j.foodres.2007.01.007 
Muschiolik, G., & Dickinson, E. (2017). Double Emulsions Relevant to Food Systems: Preparation, 
Stability, and Applications. Comprehensive Reviews in Food Science and Food Safety, 16(3), 
532–555. https://doi.org/10.1111/1541-4337.12261 
Neumann, S. M., Scherbej, I., van der Schaaf, U. S., & Karbstein, H. P. (2018). Investigations on 
the influence of osmotic active substances on the structure of water in oil emulsions for 
the application as inner phase in double emulsions. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 538, 56–62. 
https://doi.org/10.1016/j.colsurfa.2017.10.073 
Neumann, S. M., van der Schaaf, U. S., & Karbstein, H. P. (2018). Investigations on the 
relationship between interfacial and single droplet experiments to describe instability 
mechanisms in double emulsions. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 553, 464–471. https://doi.org/10.1016/j.colsurfa.2018.05.087 
Neumann, S. M., Wittstock, N., van der Schaaf, U. S., & Karbstein, H. P. (2018). Interactions in 
water in oil in water double emulsions: Systematical investigations on the interfacial 
properties and emulsion structure of the outer oil in water emulsion. Colloids and Surfaces 
A: Physicochemical and Engineering Aspects, 537(August 2017), 524–531. 
https://doi.org/10.1016/j.colsurfa.2017.10.070 
Oppermann, A. K. L., Noppers, J. M. E., Stieger, M., & Scholten, E. (2018). Effect of outer water 
phase composition on oil droplet size and yield of (w1/o/w2) double emulsions. Food 




Pays, K., Giermanska-Kahn, J., Pouligny, B., Bibette, J., & Leal-Calderon, F. (2002). Double 
emulsions: How does release occur? Journal of Controlled Release, 79(1–3), 193–205. 
https://doi.org/10.1016/S0168-3659(01)00535-1 
Pessato, T. B., de Carvalho, N. C., de Figueiredo, D., Colomeu, T. C., Fernandes, L. G. R., Netto, F. 
M., & de L. Zollner, R. (2019). Complexation of whey protein with caffeic acid or (−)-
epigallocatechin-3-gallate as a strategy to induce oral tolerance to whey allergenic 
proteins. International Immunopharmacology, 68(January), 115–123. 
https://doi.org/10.1016/j.intimp.2018.12.047 
Pessato, T. B., de Morais, F. P. R., de Carvalho, N. C., Figueira, A. C. M., Fernandes, L. G. R., Zollner, 
R. de L., & Netto, F. M. (2018). Protein structure modification and allergenic properties of 
whey proteins upon interaction with tea and coffee phenolic compounds. Journal of 
Functional Foods, 51(February), 121–129. https://doi.org/10.1016/j.jff.2018.10.019 
Raviadaran, R., Ng, M. H., Manickam, S., & Chandran, D. (2019). Ultrasound-assisted water-in-
palm oil nano-emulsion: Influence of polyglycerol polyricinoleate and NaCl on its stability. 
Ultrasonics Sonochemistry, 52(August), 353–363. 
https://doi.org/10.1016/j.ultsonch.2018.12.012 
Saberi, A. H., Fang, Y., & Mcclements, D. J. (2014). E ff ect of Salts on Formation and Stability of 
Vitamin E ‑  Enriched Mini- emulsions Produced by Spontaneous Emulsi fi cation. 
Sakuno, M. M., Matsumoto, S., Kawai, S., & Taihei, K. (2008). Adsorption and Structural Change 
of -Lactoglobulin at the Diacylglycerol - Water Interface, (11), 11483–11488. 
Schmidts, T., Dobler, D., Schlupp, P., Nissing, C., Garn, H., & Runkel, F. (2010). Development of 
multiple W/O/W emulsions as dermal carrier system for oligonucleotides: Effect of 
additives on emulsion stability. International Journal of Pharmaceutics, 398(1–2), 107–113. 
https://doi.org/10.1016/j.ijpharm.2010.07.037 
Schuch, A., Köhler, K., & Schuchmann, H. P. (2013). Differential scanning calorimetry (DSC) in 
multiple W/O/W emulsions: A method to characterize the stability of inner droplets. 
100 
 
Journal of Thermal Analysis and Calorimetry, 111(3), 1881–1890. 
https://doi.org/10.1007/s10973-012-2751-2 
Su, J., Flanagan, J., Hemar, Y., & Singh, H. (2006). Synergistic effects of polyglycerol ester of 
polyricinoleic acid and sodium caseinate on the stabilisation of water-oil-water emulsions. 
Food Hydrocolloids, 20(2-3 SPEC. ISS.), 261–268. 
https://doi.org/10.1016/j.foodhyd.2004.03.010 
Tadros, T. (2013). Emulsion Formation, Stability, and Rheology. Wiley-VCH Verlag GmbH & Co. 
KGaA, 1–75. 
Trujillo-Cayado, L. A., Alfaro, M. C., Muñoz, J., Raymundo, A., & Sousa, I. (2016). Development 
and rheological properties of ecological emulsions formulated with a biosolvent and two 
microbial polysaccharides. Colloids and Surfaces B: Biointerfaces, 141, 53–58. 
https://doi.org/10.1016/j.colsurfb.2015.11.046 
Wilde, P. J. (2000). Interfaces: Their role in foam and emulsion behaviour. Current Opinion in 
Colloid and Interface Science, 5(3–4), 176–181. https://doi.org/10.1016/S1359-
0294(00)00056-X 
Zhan, F., Hu, J., He, C., Sun, J., Li, J., & Li, B. (2020a). Complexation between sodium caseinate 
and gallic acid : E ff ects on foam properties and interfacial properties of foam. Food 
Hydrocolloids, 99(August 2019), 105365. https://doi.org/10.1016/j.foodhyd.2019.105365 
Zhan, F., Hu, J., He, C., Sun, J., Li, J., & Li, B. (2020b). Complexation between sodium caseinate 
and gallic acid: Effects on foam properties and interfacial properties of foam. Food 




































 Emulsões simples do tipo água-óleo (A/O) foram produzidas utilizando 
diferentes concentrações (1,5; 3,0 e 4,5% m/m) do emulsificante lipofílico PGPR e 
diferentes composições da fase aquosa: 0,2% (m/m) NaCl, 0,5% (m/m) de ácido gálico- 
AG, água e 0,5% AG /0,2% NaCl (m/m). A variação da concentração de PGPR tinha o 
objetivo de determinar a condição de maior estabilidade para desenvolver 
posteriormente a emulsão dupla. Já a variação da fase aquosa teve o objetivo de 
verificar a influência do sal e do composto bioativo (ácido gálico) na formação e 
estabilidade da emulsão simples. O aumento da concentração do emulsificante resultou 
em uma diminuição da tensão interfacial inicial, exceto nos sistemas AG e AG/NaCl com 
4,5% (m/m) de PGPR (maior concentração de emulsificante). Esse comportamento pode 
indicar que a presença de ácido gálico com elevada concentração de PGPR levou à 
saturação da interface, resultando em dispersão de parte das moléculas de PGPR na fase 
contínua (PAWLIK, COX E NORTON, 2010). Na ausência de PGPR, o sistema constituído 
de AG/NaCl apresentou alta tensão interfacial inicial água-óleo, sendo este 
comportamento atribuído à desidratação do grupo hidrofílico do AG causada pelo sal, 
alterando a curvatura da interface e causando o empacotamento do AG. Entretanto, a 
adição de 0,5% (m/m) de AG ou 0,2% (m/m) de NaCl promoveu uma diminuição 
significativa da tensão interfacial inicial, indicando que essas moléculas podem atuar na 
interface. Com o intuito de compreender melhor as características da interface da 
emulsão, também foi realizada a análise de reologia interfacial para sistemas compostos 
por óleo de girassol, 4,5% (m/m) de PGPR e diferentes fases aquosas (água, AG, NaCl ou 
AG/NaCl), uma vez que os sistemas com maior conteúdo de PGPR apresentaram maiores 
diferenças nos resultados da tensão interfacial. Os módulos complexo, elástico e viscoso 
foram baixos e semelhantes em todas as amostras, indicando que as características da 
interface foram dominadas pela camada de PGPR ao redor das gotas de água. 
A produção de emulsões A/O usando dispositivo rotor-estator 
simultaneamente ao processo de adição da fase dispersa gota a gota permitiu a 
formação lenta da interface água-óleo, resultando em emulsões de tamanho de gotas 
pequenas (OKURO et al., 2019). Em geral, o tamanho de gota diminuiu com o aumento 
da concentração de PGPR, embora não tenha afetado notavelmente o tamanho das 
gotas nas emulsões com fase dispersa composta somente por água. As emulsões simples 
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mostraram comportamento de fluido Newtoniano e, portanto, a viscosidade não foi 
influenciada pela taxa de cisalhamento. A alta viscosidade das emulsões A/O está 
relacionada à combinação de tamanho reduzido das gotas, elevada fração de volume da 
fase dispersa e relativamente alta viscosidade da fase contínua (TADROS, 2013). A 
estabilidade cinética foi analisada pelo princípio da técnica de espalhamento múltiplo 
de luz, que permite detectar o fenômeno de desestabilização das emulsões antes da 
observação visual efetiva (GUTIÉRREZ et al., 2014; MATOS et al., 2015; TRUJILLO- 
CAYADO et al., 2016). O aumento da quantidade de PGPR melhorou a estabilidade das 
emulsões A/O com a fase aquosa contendo sal (NaCl e AG/NaCl), sendo este resultado 
atribuído ao menor tamanho inicial de gotas. Por outro lado, a adição de somente ácido 
gálico produziu emulsões mais instáveis devido à ação deste componente como co-
surfactante, competindo com o PGPR pela interface e causando maior instabilidade 
durante o armazenamento. 
 As emulsões simples com fase aquosa constituída de água, apresentaram os 
maiores valores de TSI para 1,5 e 3,0% (m/m) de PGPR, enquanto o sistema AG foi o 
mais instável com 4,5% (m/m) de PGPR, durante o armazenamento por 14 dias. Esse 
comportamento reforça a ideia de competição entre o AG e o PGPR pela interface, 
levando à instabilidade desse sistema. Os sistemas estabilizados com NaCl e AG/NaCl 
apresentaram os menores valores de TSI. Embora os sistemas AG/NaCl tenham 
apresentado uma leve coalescência, esses sistemas apresentaram baixos valores de TSI, 
indicando que a adição de AG e NaCl pode ser uma boa estratégia. Além da boa 
estabilidade, esses sistemas podem oferecer proteção ao ácido gálico. Entretanto, a 
melhor condição foi observada com a adição de NaCl, pois a dissociação de NaCl 
diminuiu as forças de atração entre as gotas por repulsões eletrostáticas e estéricas. 
Aliado a isso, esse sal aumentou a densidade de adsorção do emulsificante e a 
viscosidade, contribuindo para a estabilidade da emulsão (MÁRQUEZ et al. 2010; 
RAVIADARAN et al. 2019). 
A emulsão dupla (A1/O/A2) foi desenvolvida utilizando as mesmas fases 
aquosas da emulsão simples, com 4,5% (m/m) de PGPR como emulsificante lipofílico 
disperso na fase lipídica, e para estabilizar a interface O/A2 foram utilizados três 
emulsificantes hidrofílicos distintos: 3% (m/m) de Tween 80 (T80); 8% (m/m) de 
caseinato de sódio (CS) ou 10% (m/m) de isolado proteico do soro do leite (WPI). 
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Analisando os resultados de microscopia verificou-se que, independente da fase aquosa 
e do tipo de emulsificante hidrofílico utilizados, as emulsões duplas foram formadas. No 
entanto, diferenças na distribuição dos tamanhos de gotas foram observadas, sendo o 
WPI o sistema com maior tamanho de gota seguido do T80 e por fim o CS. As diferenças 
entre o tamanho médio das gotas das emulsões WPI e CS podem estar relacionadas às 
características estruturais de cada proteína. O CS apresenta uma cadeia mais flexível 
com grupos hidrofóbicos mais expostos, favorecendo a adsorção e rearranjo dessas 
moléculas na superfície das gotas (GÜLSEREN & CORREDIG., 2012; OPPERMANN et al., 
2018). Por outro lado, o WPI possui maior massa molecular, dificultando seu 
deslocamento e reorganização na interface, o que pode favorecer a re-coalescência 
durante a homogeneização e a formação de gotas maiores (BOUYER et al., 2012). 
A análise de tensão interfacial entre a emulsão simples (A1/O) a fase aquosa 
externa (A2) mostrou que o sistema estabilizado pelo emulsificante T80 apresentou os 
menores valores de tensão interfacial inicial e de equilíbrio. Devido a sua baixa massa 
molecular, o T80 se desloca rapidamente através da fase contínua, enquanto que as 
proteínas WPI e CS são mais lentas e mostram velocidades de difusão que dependem 
não somente de sua maior massa molecular, mas também de suas estruturas e 
capacidade de reorganização. Com isso, diferenças no comportamento da tensão 
interfacial das proteínas foram observadas, mostrando que os sistemas WPI atingiram 
valores de tensão interfacial foram mais baixos do que os sistemas SC. 
As propriedades reológicas, pH e potencial zeta são medidas que podem 
auxiliar na análise de estabilidade dos sistemas duplos emulsionados.  A viscosidade das 
emulsões é influenciada pelo tamanho das gotas, interações coloidais entre as gotas, 
viscosidade das fases e carga superficial das gotas (MCCLEMENTS., 2005). Os sistemas 
CS apresentaram viscosidade maior que os sistemas T80 e WPI. As emulsões duplas 
estabilizadas por CS mostraram os menores tamanhos de gotas, permitindo maior 
interação entre elas e, portanto, maior resistência ao fluxo, explicando a maior 
viscosidade. Os maiores valores de pH foram obtidos a partir de emulsões preparadas 
com CS, enquanto as emulsões WPI apresentaram os menores valores de pH. A adição 
de AG, NaCl ou AG/NaCl na fase aquosa interna não afetou o pH dos sistemas 
estabilizados pelas proteínas. Independente da composição da fase aquosa interna, as 
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emulsões T80 e CS apresentaram potencial ζ negativo, enquanto os sistemas 
estabilizados por WPI apresentaram valores positivos de potencial ζ. 
Imediatamente após a produção de emulsões, não foi observada variação 
dos valores de retroespalhamento (BS) em função da altura da célula de medição, 
mostrando que as emulsões eram instáveis. As emulsões frescas estabilizadas por T80 
ou CS apresentaram valores mais elevados de BS (cerca de 90%) do que os estabilizados 
por WPI (cerca de 80%), o que pode ser explicado pelo menor tamanho de gotícula das 
emulsões T80 e CS. Os valores de retroespalhamento (BS) estão correlacionados ao 
tamanho da gota. Os valores de BS aumentam com a redução do diâmetro da gota se o 
tamanho da partícula for maior que o comprimento de onda incidente (880 nm). No 
entanto, a presença de AG, NaCl ou AG / NaCl na fase aquosa interna não afetou os 
valores de BS de emulsões frescas.  
Em relação ao TSI, a melhor condição de estabilidade ou os menores valores 
(cerca de 2,5) foram observados nas emulsões contendo NaCl na fase aquosa interna, 
independentemente do tipo de emulsificante hidrofílico. Esse sal diminui as forças de 
atração entre as gotículas e aumenta a densidade de adsorção do emulsificante 
hidrofóbico, melhorando a estabilidade da emulsão A1/O primária e, 
consequentemente, a estabilidade da emulsão A1/O/A2 (MÁRQUEZ et al., 2010; 
RAVIADARAN, NG, MANICKAM, & CHANDRAN., 2019). Os sistemas WPI apresentaram 
os maiores valores de TSI, enquanto os menores valores foram observados nos sistemas 
CS. Esses resultados podem ser atribuídos ao tamanho inicial das gotículas das emulsões 
(CS  T80  WPI), como mostrado nas imagens da microscopia. Embora as emulsões de 
WPI tenham apresentado diâmetros de gotas muito maiores que os sistemas T80 e CS, 
é interessante notar que nenhuma desestabilização visual foi observada. Tal 
comportamento pode ser justificado pela imobilização de gotículas promovida pela alta 
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As características das emulsões simples A/O foram afetadas principalmente 
pela concentração de PGPR, mas a composição da fase aquosa também desempenhou 
um papel relevante nas propriedades das emulsões. O uso de NaCl na fase aquosa levou 
a emulsões cineticamente mais estáveis e com menor tamanho de gota. Esses 
resultados mostraram que o uso de sais pode favorecer a formação de emulsões 
estáveis, sendo uma estratégia interessante para a produção de emulsões duplas. Por 
outro lado, a fase aquosa com ácido gálico favoreceu a desestabilização da emulsão, 
mas a adição de NaCl nesse sistema diminuiu esse efeito deletério. Portanto, embora o 
composto fenólico não tenha boas características para a produção de sistemas coloidais 
estáveis, o uso deste composto adicionado ao NaCl pode ser uma alternativa para a 
entrega de compostos que podem adicionar funcionalidade nutricional aos produtos 
alimentícios. 
As características das emulsões A/O/A foram afetadas pelo tipo de 
emulsificante adicionado na fase aquosa externa. O uso de caseinato de sódio como 
alternativa para emulsificantes sintéticos foi bem sucedido. Nossos resultados indicaram 
que o uso de caseinato de sódio resultou em emulsões duplas com menores tamanhos 
de gotas, maior viscosidade e estabilidade em relação aos sistemas estabilizados por 
Tween 80 e WPI. Portanto, além de produzir emulsões duplas mais estáveis, o caseinato 
de sódio contribuiu para agregar valor nutricional à matriz alimentar. No entanto, o uso 
de NaCl na fase aquosa interna também induziu características positivas nesses sistemas 
coloidais. Todos os sistemas contendo NaCl na fase aquosa interna apresentaram uma 
boa estabilidade cinética durante 7 dias. Este estudo mostrou que a composição de 
ambas as fases aquosas desempenhou um papel fundamental na estabilidade da 
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emulsão dupla e, portanto, o uso da engenharia de ingredientes é necessário para 
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